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CHAPTER 1: 
CATALYTIC ASYMMETRIC FUNCTIONALIZATION OF ALCOHOLS BY MEANS OF 
SILYL PROTECTION 
1.1 Introduction of catalytic asymmetric silyl protections of alcohols 
One of the most utilized transformations in organic chemistry is the incorporation of 
protecting groups.1 While not viewed as an ideal solution, this transformation has become an 
integral part of organic synthesis. While a synthesis free of protecting groups remains the 
ultimate goal, syntheses performed with the aid of protecting groups has become standard 
practice.2,3 Furthermore, as organic chemists continue to push the known limits of synthetic 
strategies, new and alternative techniques must be developed in order to attain more synthetically 
demanding and challenging molecules. Of this class of vital reactions, the protection of alcohols 
by a silyl-protecting group is one of the most commonly employed. The tert-butyldimethylsilyl 
protection of reactive alcohols was introduced in 1972 by Corey et al. as a means to mask 
reactive moieties while retaining the ability to selectively cleave the Si-O bond when desired; 
consequently rendering the molecule unchanged.4 Moreover, this silylether has proven to be 
robust enough to withstand the rigors of multi-step syntheses.5 
Further advancements in the silyl protection of alcohols have demonstrated that the 
protecting group can be installed in a stereospecific fashion. This discovery has proven to be 
extremely useful in organic synthesis as it not only limits the ability of the functional group to 
                                                          
1 Kocienski, P.J. Protecting Groups, 3rd ed.; Thieme: New York, 2005. 
2 Wender, P. A. “Introduction: Frontiers in Organic Synthesis.” Chem. Rev. 1996, 96, 1-2. 
3 Baran, P. S. ; Young, I. S. Nat. Chem. 2009, 1, 193-205. 
4 Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190-6191. 
5 Corey, E. J.; Ravindranathan, T. J. Am. Chem. Soc. 1972, 94, 4013-4014. 
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react in an undesired fashion but also allows for the protecting group to be used to direct 
reactions occurring later in the synthesis. Ultimately, the use of catalytic asymmetric silylation 
has demonstrated its ability to be useful as a means of increasing the complexity of a molecule 
rather than hindering the efficacy of a synthesis by simply serving as additional steps through 
functional group interconversions. Thus, a simple procedure may serve multiple purposes during 
a synthetic strategy.  
 This is best exemplified by the work of Zhao and co-workers during the synthesis of (R)-
(+)-4-tertbutyldimethylsiloxy-2-cyclopentene-1-one (1.8).6 Compound 1.8 has long been a 
synthetic target of many research groups as it is an important precursor for various biologically 
active molecules, such as nucleosides, thromboxanes, and prostaglandins. However, even though 
this molecule had been previously synthesized in a variety of ways, the most practical requiring 
seven steps; most of which only served as functional group interconversions (Scheme 1.1).7 
 
                                                          
6 Zhao, Y.; Rodrigo, J.; Hoveyda, A.; Snapper, M. L. Nature 2006, 443, 67-70. 
7 Myers, A. G.; Hammond, M.; Wu, Y. Tetrahedron Lett. 1996, 37, 3083-3086. 
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Resultantly, a catalytic enantioselective silylation was desired in order to desymmetrize 
meso-diol 1.1 into the enantioenriched mono-silylated diol 1.7 in a single step and thus greatly 
improving the efficiency of the synthesis. This “step economy” proved invaluable in the 
reduction of the waste and cost, while decreasing the time and labor involved in producing this 
precursor.  
1.2 Catalytic asymmetric silylation of meso-diols and triols 
 Hoveyda-Snapper Desymmetrization Catalyst 
 By using a small, amino-acid-derived catalyst, the first method of catalytic 
enantioselective silylation of alcohols was developed in our lab (Figure 1.1).6 The Hoveyda-
Snapper desymmetrization catalyst (1.9) has proven to be effective for the enantioselective 
silylation of cyclic and acyclic meso-1,2- and meso-1,3-diols with tert-butyldimethylsilyl 
chloride (TBSCl) with moderate to excellent yields and enantioselectivities (Scheme 1.2).6 This 
catalyst has also been found to be useful for the desymmetrization of meso-1,2,3-triols with 
moderate to good yields and moderate to excellent ee’s (Scheme 1.3).8 
 
                                                          
8 You, Z.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2009, 48, 547-550. 
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Figure 1.1 The three distinct moieties of the 
Hoveyda-Snapper desymmeterization catalyst 
 
 To ascertain a mechanistic understanding of catalyst 1.9, one must focus on the three 
distinct moieties within the catalyst which are depicted in Figure 1.1. These functionalities 
consist of a Lewis base, an amino acid, and a chiral amine. The Lewis basic moiety, which is 
necessary for the activation of the silicon electrophile, is found in the terminal N-
methylimidazole (NMI). The amino acid portion of the catalyst, or the backbone, serves two 
essential roles in the catalyst’s functionality: steric hindrance and the ability to hydrogen-bond. 
The steric hindrance is vital to the enantioselectivity of the silylation as it provides the necessary 
bulk required to direct the substrate to approach the catalyst from only one of the enantiotopic 
faces. The hydrogen-bonding, on the other hand, is important to securely hold the substrate in the 
proper orientation during this transformation. Lastly, the chiral amine is necessary to deprotonate 
the silylated diol and as thus serves as a Brønsted base. 
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The utility of catalyst 1.9 is further accentuated by its relative ease of synthesis (three 
steps from commercially available starting materials) and the fact that the catalyst can be 
recovered with greater than 98% efficiency without loss of reactivity or selectively.6 
Furthermore, the silylation reaction conditions do not require that the environment be rigorously 
free of oxygen or water as the catalyst is air and moisture stable. Thus, the reactions need not be 
performed under an inert atmosphere. However, one significant shortcoming of this catalytic 
system is that high catalyst loadings, up to 30 mol %, and long reaction times, up to 120 hours, 
are required. Chapter 2 will discuss these issues in more detail as well as to summarize the 
successful elimination of the aforementioned weaknesses. 
 Use of a scaffolding catalyst utilizing covalent bonding 
 In 2011, the laboratory of Kian Tan introduced a scaffolding ligand (1.10), which serves 
as an alternative means for the catalytic enantioselective silylation of alcohols.9 Catalyst 1.10 
demonstrates good to excellent yields (78 – 93 %) and good to excellent ee’s (86 – 95 %) for the 
desymmetrization of cyclic and acyclic meso-1,2-diols (Scheme 1.4). 
 
                                                          
9 (a) Sun, X.; Worthy, A. D.; Tan, K. L Angew. Chem. Int. Ed. 2011, 50, 8167-8171.(b) Worthy, A. D.; Sun, X.; Tan 
K. L. J. Am. Chem. Soc. 2012, 134, 7321-7324. 
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As opposed to catalyst 1.9, which utilizes hydrogen bonding between the catalyst and the 
substrate, catalyst 1.10 utilizes a reversible covalent bond between the catalyst and the substrate 
(Figure 1.2).9 By using a covalent bond, an entropic advantage is created for the silyl group 
transfer as the reaction is now intramolecular.  
 
 
 
 
 
 
 
 
It is also this covalent bond that introduces the stereospecificity of the transformation as 
the methoxy group of the catalyst rapidly exchanges with one of the hydroxyl groups of the 
substrate. At this point it is possible that the mechanism could follow one of two pathways. 
Either the N-methylimidazole moiety of catalyst 1.10 could activate the silicon electrophile, 
which then transfers the silyl group to the free hydroxyl group of the substrate, a mechanism 
similar to that observed with catalyst 1.9, or the N-methylimidazole moiety could behave as a 
general base which would serve to produce an intramolecular deprotonation. 
Figure 1.2 Proposed catalytic cycle for the desymmeterization 
of meso-diols by catalyst 1.10 
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Catalyst 1.10 is advantageous in that it is easy to prepare from inexpensive commercially 
available compounds and is relatively stable to air. Unfortunately, it is restricted to a somewhat 
limited substrate scope. Currently, the scaffolding catalyst has only been shown to be effective 
for desymmetrization meso-1,2-diols with little steric encumbrance.   
1.3 Kinetic Resolution of Alcohols 
 Kinetic resolution is a technique that exploits the different reaction rates of enantiomers 
within a racemic mixture. This is accomplished by treating a racemic mixture with a chiral 
catalyst, or reagent, to produce the product from the more reactive enantiomer. However, as a 
result of beginning with a racemic mixture, the optimal result of a kinetic resolution occurs when 
a conversion of 50% is observed. Ideally, when the reaction has proceeded to 50% conversion, 
all of one enantiomer has been converted to the product, while all of the other enantiomer has 
remained unreacted. Consequently, an important limitation of kinetic resolution is that the 
maximum yield will not be greater than 50%. While the limited yield is certainly a detriment, the 
fact that the enantiopurity of the product and the starting material is solely dependent upon the 
amount of conversion rather than the selectivity of the catalyst is considered as a benefit.10  
 While kinetic resolution displays limited utility in synthetic organic chemistry, specific 
situations occur in which kinetic resolution is rendered the optimal route of synthesis. The 
practical considerations that must be considered when determining the utility of kinetic 
resolution include the cost and ease of synthesis of the racemate, the cost and efficiency of the 
catalyst, and the ease with which the product and starting material can be separated. Preferably 
the racemate should be inexpensive and easily accessible, the catalyst should be economical, 
                                                          
10 Sharpless, K. B., et al. J. Am. Chem. Soc. 1981, 103, 6237-6240. 
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highly selective, efficient at low loadings, and easily recovered while the separation of the 
product and unreacted starting material should require minimal time and effort. Lastly, the most 
desirable use of kinetic resolution occurs when the product and the starting material are both 
required in a highly enantioenriched form. 
In 2007 the utility of catalyst 1.9 was further expanded when it was reported that the 
catalyst had the ability to resolve primary-secondary and secondary-secondary asymmetric diols 
(Scheme 1.5).11 The basis of this study focused on 1,2 syn-diols that could not be obtained with 
high eanantiopurity by means of the Sharpless asymmetric dihydroxylation method.12 Through 
these studies it was found that steric control was the result of the site-selectivity, such that the 
silylation occurred on the hydroxyl group closest to the smaller substituent.  
 
Following these results the focus was shifted to racemic substrates in which a tertiary or 
secondary alcohol was vicinal to a primary hydroxy group. Table 1.1 highlights their findings.13 
While entry 1 produced a synthetically useful selectivity of s = 14, entries 2-4 display an 
extremely high level of selectivity with an s >50. Furthermore, these silylated products were also 
isolated in good yields with high enantioselectivities. 
                                                          
11 Zhao, Y.; Mitra, A. W.; Hoveyda, A. H.; Snapper M. L. Angew. Chem. Int. Ed. 2007, 46, 8471-8474. 
12 Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. 
13 Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2011, 13, 3778-3781. 
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 While this set of reactions suffers from the same short-falls as the previously discussed 
desymmetrization silylation reactions, such as high catalyst loadings and long reaction times, it 
was still significant in that it was the first reported example of catalytic kinetic resolution of diols 
by silylation.11 This work has proven to be a useful and reliable method to generate optically 
enhanced syn-1,2-diols when more straightforward methods fail. Chapter 2 will discuss these 
issues in more detail as well as to summarize the successful elimination of the aforementioned 
weaknesses. 
While acylation remains one of the most common methods of performing kinetic 
resolutions of alcohols, Wiskur and co-workers published an article in 2011 which focused on 
the kinetic resolution of monofunctional, bicyclic secondary alcohols by silylation.14 
Monofunctional, bicyclic secondary alcohols are of particular interest as they serve as useful 
                                                          
14 Sheppard, C. I; Taylor, J. L.; Wiskur, S. L. Org. Lett. 2011, 13, 3794-3797 
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building blocks and as core structures in many important biologically active compounds.15 
Despite their synthetic importance, this class of molecules has generally been regarded as 
challenging substrates for kinetic resolution. The difficulty in resolving these substrates is 
attributed to the lack of the two-point binding motif which has previously been required for good 
selectivities. As a result this class of molecules is most often synthesized by the asymmetric 
reduction of prochiral carbonyl compounds.15 
 The study conducted by Wiskur and co-workers took advantage of mild reaction 
conditions and utilized commercially available reagents, in order to circumvent the need to 
synthesize catalysts or novel chiral silylating agents.14 As a result, the study produced kinetic 
resolutions of monofunctional, bicyclic secondary alcohols in one to 48 hours and producing 
selectivity factors between 2.8 and 25. It was concluded that chiral isothiourea (-)-tetramisole, 
which was originally employed by Birman as an acylation catalyst, achieved the best selectivity 
factor in a synthetically relevant length of time.16 It is surmised that the          
isothiourea (-)-tetramisole is an effective catalyst for kinetic resolutions as it serves as a 
nucleophilic chiral catalyst, which has the ability to selectively silylate one enantiomer over 
another. 
                                                          
15 (a) Wu, K.; Pontillo, J.; Ching, B.; Hudson, S.; Gao, Y.; Fleck, B. A.; Gogas, K.; Wade, W. S. Bioorg. Med.Chem. 
2008, 18, 4224-4227. (b) Hudson, S.; Kiankarimi, M.; Eccles, W.; Mostofi, Y. S.; Genicot, M. J.; Dwight, W.; 
Fleck, B. A.; Gogas, K.; Wade, W. S. Bioorg. Med.Chem. 2008, 18, 4495-4498. (c) Huang, L.; Kashiwada, Y.; 
Cosentino, L. M.; Fan, S.; Chen, C.-H.; McPhail, A. T.; Fujioka, T.; Mihashi, K.; Lee, K.-H.; J. Med. Chem. 1994, 
37, 3947-3955. (d) Dewald, H. A.; Heffner, T. G.; Jaen, J. C.; Lustgarten, D. M.; McPhail, A. T.; Meltzer, L. T.; 
Pugsley, T. A.; Wise, L.D. J. Med. Chem.1990, 33, 445-450. 
16 Birman, V. B.; Li, X. Org. Lett. 2006, 8, 1351-1354. 
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 One of the most important variables in this study was the selection of the proper silyl 
protecting group. It was observed that the aryl substituted silyl protecting groups, such as 
triphenylsilyl chloride, proved to be the most selective, while alkyl substituted silyl groups 
produced little selectivity. Furthermore, it was determined that highly sterically hindered 
protecting groups, like TBSCl and triisopropyl chloride for example, resulted in little to no 
conversion. Thus, it was concluded that silyl groups containing phenyl functionalities provided 
the best balance of practical conversion, while retaining synthetically relevant selectivities. It 
was also noted that polar, coordinating solvents, such as THF, in combination with       
non-nucleophilic, sterically hindered bases like N,N-diisopropyl-3-pentylamine (iPr2NCHEt2) 
produced the best selectivity factors. 
The use of isothiourea (-)-tetramisole, iPr2NCHEt2, and triphenylsilyl chloride in THF at   
-78 ᵒC proved the most efficacious for secondary alcohols attached to a 6 membered ring with 
decreased selectivity for 5 and 7 membered ring systems.14 Also, the incorporation of oxygen 
and sulfur into the ring structure, had little effect on the overall selectivity. It was concluded that 
the reaction is highly sensitive to the degree of steric hindrance adjacent to the secondary 
alcohol. As a result, it was suggested that the presence of a narrow reaction pocket, that only 
unhindered cyclic alcohols can enter, may be present. While more work is required to fully 
12 
 
understand the mechanism of this selective silylation, it is believed to be dependent upon the 
chiral propeller conformation of the triphenyl substituted silyl groups. 
 Wiskur and co-workers have produced a synthetic strategy for the kinetic resolution of 
monofunctional, bicyclic secondary alcohols in which selectivity factors up to 25 were achieved 
under mild conditions with commercially available, low molecular weight catalyst and 
triphenylsilyl chloride, resulting in high conversion with reaction times as short as one hour.14 
While these reaction conditions work well for cyclic secondary alcohols, acyclic secondary 
alcohols remain to be a problem as they portray both poor selectivity and long reaction times, of 
up to two days, for complete conversion under these conditions. 
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CHAPTER 2: 
CONSIDERABLE RATE ACCELERATION OF CATALYTIC ASYMMETRIC SILYLATION 
OF SYN-DIOLS AND TRIOLS BY USE OF AZOLE ADDITIVES  
2.1  Desymmetrization of syn-diols and triols by using an amino-acid derived catalyst for 
asymmetric silylations 
 In 2006, Nature published the first report of the Hoveyda-Snapper desymmetrization 
catalyst to enantioselectively silyl protect meso-diols.17 In subsequent publications it was 
established that this catalyst could also be used to silylate triols, as well as, kinetically resolve 
diols.18, 19 Through these publications, it was discussed that the reactivity and selectivity of the 
catalyst could be attributed to the three distinct moieties contained within the catalyst. These 
three moieties are the Lewis basic site, the Brønsted basic site, and the hydrogen-bond accepting 
region (Figure 2.1). The Lewis base comes in the form of an N-methylimidazole (NMI), which is 
hypothesized to act as a nucleophilic activator for the silicon in the protecting group. The 
secondary amine, which is part of the amino acid, is the Brønsted base and is believed to be 
involved in the deprotonation of the alcohol. Lastly, the hydrogen-bond acceptors are embedded 
in the core, or backbone, of the catalyst. The hydrogen-bond accepting region is believed to be 
important in controlling the substrates orientation with respect to the catalyst. This alignment is 
vital not only for the reaction to proceed, but also to generate the enantioselectivity. An initially 
proposed mechanism was reported in 2006 and is shown in Figure 2.1. Recently, new findings 
have been produced, which have led to a further revision of this initially proposed mechanism 
and transition state. This second generation mechanistic proposal is based on the need to explain 
                                                          
17 Zhao, Y.; Mitra, A.; Hoveyda, A. H.; Snapper, M. L. Nature. 2006, 443, 67-70. 
18 You, Z.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Edn. 2009, 48, 547-550. 
19 Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2011, 13, 3778-3781. 
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the relatively high catalyst loadings and long reaction times; which have been unaccounted for 
previously. 
  
 
 Initially Proposed Mechanism and Transition State 
The originally proposed transition state model for the enantioselective silylation of a diol 
using catalyst 2.1 is shown in Figure 2.1.17 In this model the diol is oriented such that one of the 
alcohols is bound through a hydrogen-bond with the carbonyl group, while the other is 
hydrogen-bound to the secondary amine moiety. Concurrently, the imidazole, positioned at the 
end of the catalyst, makes a weak nitrogen-silicon bond, which in turn increases the 
electrophilicity of the silicon, or stated another way, the silicon is now more activated toward 
nucleophilic attack. Once this complex is established, the hydroxyl group positioned closest to 
the imidazole nucleophilicly attacks the silicon in the tert-butyldimethylsilyl chloride (TBSCl), 
which in turn displaces the Cl- anion. Lastly, the secondary amine deprotonates the alcohol, 
which has just formed the new oxygen-silicon bond, and releases the mono-silylated product 
from the catalyst. As a result, one alcohol of the diol has been enantioselectively silyl protected. 
This model is useful in that it accounts for the need of multiple hydrogen-bonds, a Lewis base, 
15 
 
and a Brønsted base; however, it fails to explain the need for relatively high catalyst loadings and 
long reaction times.17 
 Gaining mechanistic insight through computational analysis 
To further the mechanistic understanding of this catalytic system, Dr. Frederik Haeffner 
performed Density Functional Theory (DFT) calculations on the originally proposed transition 
state model. From the outset, calculations of this system proved challenging and inconclusive 
due to the complexity of the interactions between the diol, catalyst, and silyl protecting groups. 
As a result, it was decided to simplify the system. Rather than look at the entire system and all of 
the interactions, we would focus on just the crux of the matter; silylation of an alcohol. It was 
hoped that with a better understanding of the transition state for the silylation of an alcohol, that 
we would be able to extend that knowledge to our more complex system. 
 Dr. Haeffner performed the DFT calculations on a system in which imidazole catalyzed 
the silylation of methanol. The use of the imidazole as a catalyst was important as it has been 
shown to act both a Lewis base (nucleophilic activator) and a Brønsted base (deprotonator).20 
Once the parameters of the system were established, the DFT calculations were performed with 
special attention being given to whether the mechanism required one or two molecules of the 
imidazole during the rate-limiting step. The conclusions of Dr. Haeffner’s computational studies, 
for the imidazole catalyzed silylation of methanol, are depicted in the reaction coordinate 
diagram shown below in Figure 2.2. 
                                                          
20 Denmark, S. E; Beutner, G. L. Agnew. Chem. Int. Ed. 2008, 47, 1560-1638. 
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 The diagram portrays the overall reaction as being a two-step process.17 During the first 
step of the reaction (A  B   C), the silyl chloride undergoes nucleophilic attack by one 
molecule of the imidazole, which displaces the Cl- anion and forms the silylimidazolium salt. In 
the second step of the reaction (C  D   E), the silyl group of the silylimidazolium salt is 
transferred onto the methanol, while simultaneously another molecule of imidazole deprotonates 
the silyl-protected alcohol. Due to the higher activation energy barrier, the second step of this 
transformation is the rate-limiting step. Thus, the rate-determining step requires two molecules of 
the imidazole; one to act as the Lewis base and one to act as the Brønsted base. Of particular note 
is the relative orientation of these two functional moieties; an orientation not achievable with our 
catalyst. Enlightened with this new insight, we set out to apply this newly acquired knowledge, 
in hopes of accelerating the enantioselective silylation of diols. 
Figure 2.2 Mechanism of imidazole-catalyzed silylation of methanol determined 
by DFT calculations 
17 
 
 N-Methylimidazole additive study and manifestation of rate enhancement 
 To test the newly proposed mechanism, and more specifically the transition state, an 
additive study was conducted. For this study, varying amounts of N-methylimidazole were added 
to a series of reactions containing the amino-acid based catalyst, 2.0 equivalents of TBSCl, 1.25 
equivalents of N,N-diisopropylethylamine (DIPEA), and tetrahydrofuran (THF) at – 40 oC for 
six hours. The goal of this study was to test the ability of the NMI to work in tandem with the 
catalyst; thus validating the hypothesis that a nucleophilic activator is required. The fear for this 
trial was that the much smaller NMI would not work in tandem with the chiral catalyst, but 
rather, outcompete it. Consequently, we would observe great acceleration of the reaction, but 
would sacrifice all of the enantioselectivity. This anxiety was rooted in the fact that silylations 
are commonly catalyzed solely by NMI.21 
 
                                                          
21 Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190-6191. 
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 When the above reaction was run in the presence of only the amino-acid based catalyst, 
for a duration of 6 hours, the silylation occurred with good enantioselectivity (87 % ee) but 
displayed poor reactivity (9 % conversion, Table 2.1, Entry 1). When the same reaction was 
performed with only the N-methylimidazole, the reaction displayed a much improved rate of 
conversion (69 %) but no enantioselectivity (Entry 2). However, when the reaction was run with 
equal parts of catalyst and NMI, the reaction proceeded to near completion (92 % conversion) 
while retaining a moderate level of enantioselectivity (56 % ee, Entry 3). This was fairly 
surprising considering our initial reservations about the NMI. Had the NMI outcompeted the 
catalyst, a result similar to Entry 2 would have been expected. Ultimately, we found that by 
decreasing the amount of the N-methylimidazole, with respect to the chiral catalyst, we could 
achieve moderate enantioselectivity (71 % ee) while maintaining a synthetically useful rate of 
reaction (71 % conversion, Entry 6).  We were encouraged by the fact that the NMI and the 
amino-acid based catalyst appeared to be working together. This result was even more 
paramount as it helped to support the newly proposed transition state in that it validated the need 
for a Lewis base and a Brønsted base. 
With this new knowledge we wanted to further probe the idea of finding a compound that 
would be an efficient co-catalyst for this system. This co-catalyst would need to be a 
nucleophilic activator of silicon in TBSCl; however, the additive would need to be a poor 
Brønsted base as to not compete with the amino-acid based catalyst during the enantioselectivity 
determining step of deprotonation. But first, a solvent screen was performed to ensure that the 
screening of the co-catalyst system was performed under the best set of reaction conditions. 
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 Solvent Screen 
The solvent screen showed that the best solvent tested for this system would be tert-butyl 
methyl ether (TBME) as it yielded 81 % conversion and 81 % enantioselectivity (Table 2.2, 
Entry 2). However, due to ease and synthetic usefulness, it was decided to use tetrahydrofuran 
(THF) as it produced only slightly diminished results of 71 % conversion and 71 % ee (Entry 6). 
Xylenes, diethyl ether, and toluene displayed good levels of enantioselectivity (81 %, 73 %, and 
84 %, respectively), but all suffered from a decrease in conversion (47 %, 65 %, and 55 %, 
respectively, Entries 1, 3, 5). Lastly, acetonitrile performed the worst as it displayed diminished 
enantioselectivity (65 % ee) and very poor reactivity (16 % conversion, Entry 4). Upon 
completion of the solvent screen, it was decided to return our attention to identifying the additive 
that exhibited the most nuclephilic activating properties, while not functioning as a Brønsted 
base. 
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 Azole screen and 120-fold rate acceleration 
 With a standard set of reaction conditions established, a series of experiments were 
performed to identify the molecules that would best enhance the reaction rate, while not eroding 
the enantioselectivity established by the amino acid based catalyst. At the outset of the study it 
was decided that nitrogen containing heterocycles, such as azoles, would be the best class of 
reagents to act as analogs of NMI; which we knew increased the reaction but decreased the 
selectivity. The azole screen is depicted in Figure 2.3. A number of commercially available 
azoles were tested under the previously established reaction conditions. Also, of importance is 
that the reaction time was reduced by half, from six hours to three hours. This was to ensure that 
the reactions did not proceed to completion as we wanted to compare the relative rates of each of 
the reactions.  
The screen demonstrated that a number of the nitrogen heterocycles did not exhibit any 
rate acceleration, such as, 1-phenylimidazole, 1,2-dimethylimidazole, pyridine, 2-aminopyridine, 
3-aminopyridine, 4-pyrrolidinopyridine, 4-dimethylaminopyridine (DMAP), and 
dimethylformamide (DMF). These results suggested that none of these compounds where 
capable of nucleophilically activating the silyl group. This study did however demonstrate that 
while tetrazole is a much worse Brønsted base than NMI, it does not suffer significantly from a 
decrease in nucleophilic activating ability.  
 The decrease in the nucleophilic activating abilitiy of the tetrazole on the silyl group was 
supported by the decrease in conversion from 58 % with NMI to 48 % with tetrazole. 
Concurrently, it was observed that tetrazole is a worse Brønsted base than NMI, as the 
enantioselectivity increased from 81 % ee to 96 % with NMI, respectively. The stronger the 
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Brønsted base the worse the selectivity as a result of the additive competing with the basic 
moiety of the catalyst. Thus if the additive out competes the base, the enantioselectivity is eroded 
as the additive is not chiral and therefore cannot be selective. Thus the most desirable additive 
will be a strong nucleophilic activator, to increase the rate of the reaction, while being a weak 
Brønsted base, thus increasing the selectivity of the reaction by not increasing the amount of 
background or side reactions.  
This observation further supported the new transition state model and showed that the 
reaction rate could be significantly improved with no loss of selectivity. To expand upon this 
initial result a second more focused screen was performed with a few commercially available 
azole compounds. 
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 During the second azole screen (Figure 2.4) 5-ethylthiotetrazole (ETT) was used as the 
N-methylimidazole analogue. The selection of ETT was a result of it’s low pKa, the notion that it 
would be a great nucleophilic activator, and because of it’s use in DNA and RNA synthesis.22 
The pKa of 5- Ethylthiotetrazole is only 4.28; which in actuality means that this compound is 
deprotonated in the presence of Hungi’s base.23 Consequently, ETT fulfilled the requirement of 
being a poor Brønsted base. 5- Ethylthiotetrazole was also expected to be a very good 
nucleophilic activator due to it’s deprotonated, anionic, nature. Lastly, 5- ethylthiotetrazole is 
commonly used during the synthesis of DNA and RNA as an activator for phosphoramidite 
chemistry.22 Furthermore, as a result of ETT’s synthetic usefulness, it is both commercially 
available and relatively inexpensive. 
 
                                                          
22 (a) Wu, X. L.; Pitsch, S. Nucl. Acids Res. 1998, 26, 4315-4323. (b) Pitsch, S.; Weiss, P. A.; Jenny, L.; Stutz, A.; 
Wu, X. L. Helv. Chim. Acta. 2001, 84, 3773-3795. (c) Welz, R.; Muller, S. Tetrahedron Lett. 2002, 43, 795-797. 
23 Lieber, E.; Enkoji, T. J. Org. Chem. 1961, 26, 4472-4479. 
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 The selection of the 5- ethylthiotetrazole proved to be excellent as it showed no loss in 
selectivity but, proceeded to completion in only three hours. Following this observation, a final 
azole screen was performed to deduce how fast these new reaction conditions were. 
  
The last azole screen (Figure 2.5) was run under the standard reaction conditions, except it 
was only allowed to proceed for one hour. The results were exceptional as they established that 
the presence of either 5- ethylthiotetrazole or 5-(phenylmethyl)thiotetrazole could increase the 
rate of the reaction so that the reaction was now complete in only one hour; a benchmark which 
was held constant for all subsequent reactions. This result was significant in that the initial 
reaction conditions required 120 hours to complete the reaction but now, by simply adding a 
small amount (7.5 mol %) of an inexpensive and commercially available compound, the reaction 
could proceed to completion in one hour. This represents a dramatic improvement in the rate 
enhancement of silyl protection of meso-diols. 
 Nucleophilic Activation with Anionic Tetrazole 
 To better understand the role of tetrazole in the rate acceleration of silylation, an 
experiment was designed to identify the active species of the additive. Due to the acidic nature of 
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the tetrazole, pKa = 4.89, and the fact that during the reaction it is in the presence of excess 
Hunig’s base, it was postulated that the deprotonated, anionic species was actually acting as the 
nucleophilic activator for the silicon.24 To test this hypothesis, a tetrazole needed to be used that 
could not be deprotonated, and thus not form the anionic species. As a result, 1-methyltetrazole 
was chosen as a comparable additive.  
 Following the stirring of the diol, catalyst, azole, DIPEA, and TBSCl in THF at -40 oC 
for 1 hour it was clear that the 1-methyltetrazole was incapable of accelerating silylation (Figure 
2.6). This result helped to verify the need for an anionic additive and to help clarify the 
mechanism of accelerating the silylation of alcohols. With a better understanding of the 
mechanism, we wanted to determine the quantities of the additive and the catalyst necessary to 
perform this transformation. 
 
 
                                                          
24 (a) Lieber, E.; Patinkin, S. H.; Tao, H. H. J. Am. Chem. Soc. 1951, 73, 1792-1795. (b) Hansen, L. D.; Baca, E. J.; 
Scheiner, P. J. Heterocycl. Chem. 1970, 7, 991-996. 
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 Catalyst and additive loading screens 
Once the selection of the 2-component catalyst system was completed, the reaction 
conditions were again studied. Both catalyst loading and additive loading studies were performed 
to better understand the quantitative relationship of the bis-catalytic system. Table 2.3 shows the 
results of the peptide catalyst loading screen while Table 2.4 displays the results of the               
5- ethylthiotetrazole loading screen.  
 
 For the catalyst loading study, the amount of 5- ethylthiotetrazole was held constant (7.5 
mol %) while the amount of catalyst was varied between 2.5 and 30 mole percent. The reaction 
was allowed to stir for one hour at -40 oC. It was observed that the selectivity remained constant 
regardless of the catalyst loading, however, the conversion varied significantly when the catalyst 
loading was less than 15 mole percent. As a result of this study it was determined that the 
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optimum catalyst loading was 20 %, thus ensuring that the reactions would proceed to 
completion by the desired goal of one hour. 
 
 In regards to the 5- ethylthiotetrazole loading study, it was decided to use a catalyst 
loading that would ensure that the reactions did not proceed to completion. This precaution was 
taken to guarantee that the relative rates of the reactions could be monitored. Consequently, a 
catalyst loading of only 7.5 mole percent was used. With the catalyst loading held constant the 
amount of additive was varied between 0 and 30 mole percent. It was noted that the selectivity 
was slightly eroded if the catalyst loading was too high or too low (greater than 15 mol % or less 
than 5 mol %, Entries 1, 2 & 7-9). However, the decrease of enantioselectivity in Entry 2 may 
actually be an artifact of the poor conversion rather than to a less selective system. Nevertheless, 
this study indicates that the optimum amount of the 5- ethylthiotetrazole additive was between 5 
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and 15 mole percent (Entries 3-6), when the catalyst loading was held constant at 7.5 mole 
percent. Stated another way, the optimum amount of additive is between 0.67 and 2.0 
equivalents, with respect to the amino acid based catalyst.  
 It was found that the optimal amount of additive to ensure an increase in the reaction rate 
while not sacrificing any of the selectivity was 7.5 mole percent. This amount of additive was 
then combined with 20 mole percent of the peptide catalyst, which was found to be the most 
favorable amount during the catalyst loading screen, in order to produce the optimized bis-
catalytic system. Ultimately, the overall optimized reaction conditions consisted of 20 mol % of 
the amino acid based catalyst and 7.5 mol % of the 5- ethylthiotetrazole additive, in a solution of 
THF, with a concentration of 0.67 M, at -40 oC for one hour.   
 
 Following the optimization of the reaction conditions for a desired reaction time of one 
hour, with no erosion of enantioselectivity, it was proposed that catalyst loading may be further 
reduced if the reaction was allowed to stir at a warmer temperature. To test this hypothesis, a 
temperature screen was performed. Following the standardized reaction conditions, the 
temperature was varied between – 78 oC and 24 oC. The results of this study are portrayed in 
Table 2.5. 
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 Temperature Screen 
 
Unfortunately, as the temperature of the reaction was increased, only a slight increase in 
the reaction rate was observed. However, more importantly was the amount of enantioselective 
erosion that accompanied the temperature increase. This can be seen when Entry 6 is compared 
to Entries 1 through 5.  It was also observed, that a slight increase in enantioselectivity occurred 
when the reaction was cooled from – 40 oC to -78 oC (Entry 6 versus Entry 7) however, 
significantly longer times were needed for the reaction to proceed to completion. Consequently, 
the ideal reaction temperature remained at -40 oC.  
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2.2  Rate enhancement of previously successful substrates 
 Meso-diols and triols 
With the standardization of the newly improved reaction conditions complete, it was 
decided to test these conditions on a variety of substrates. The substrates that were initially 
chosen had all performed well under the previously reported reaction conditions; albeit slowly.17 
Six diols were tested in addition to the cyclo-octanediol, using 7.5 mol % of the ETT, 20 mol % 
of the amino acid based catalyst 2.1, 2 equivalents of the TBSCl, and 1.25 equivalents of Hunig’s 
Base in THF, with a concentration of 0.67 M, at -40 oC for one hour. 
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As shown in Table 2.6, all substrates proceeded to completion in one hour, as opposed to 
48 to 120 hours previously needed. Additionally, the catalyst loading for all of the substrates was 
reduced from the 30 mol to 20 mol %. There also was no decrease in the isolated yield or erosion 
of the enantioselectivity. 
 To further expand upon the utility of this new nucleophilic activator and improved 
reaction conditions, Hekla Alite undertook the challenge of exploring the reactivity of meso-triol 
substrates; which our laboratory has previously reported.18 Testing began with acyclic triol 2.28 
by using 10 mole percent less catalyst loading, decreasing the temperature of the reaction by 10 
oC, from -30 oC to -40 oC, and by adding 7.5 mole percent for the 5-ethylthiotetrazole additive. 
This proved to be very successful as the yield and enantioselectivity remained unchanged from 
the previously reported values (78 % yield and 92 % ee, Trial 2.7, Entry 1).18 However, the 
dramatic improvement was seen in the reaction rate. Rather than requiring the original 96 hours, 
the reaction was now performed in one hour.  
 Following these results, Hekla subjected the cyclic triol 2.29 to the same reaction 
conditions. (Entry 2) For this substrate a slight decrease in the yield was observed, from 65 % to 
only 51 %, but with no decrease in enantioselectivity (> 98 % ee). The observed decrease in 
yield could be due to the mono-silylated product being silyl-protected a second time, resulting in 
the bis-silylated product. Consequently, a reaction time of six hours may actually be too long 
under the new reaction conditions. Regardless, this shows a marked improvement over the 5 days 
that were required initially for the same transformation. 
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Once it was established that the new reaction conditions worked for a range of previously 
successful substrates, it was decided to reexamine the amount of catalyst necessary for the silyl 
protection. To further pursue reaction conditions that allow for reduced catalyst and additive 
loadings, a second reduced catalyst loading screen was performed. Based on the knowledge 
acquired during the initial catalyst and additive loading screens, Tables 2.3 and 2.4 respectively, 
it was already established that the optimal ratio of additive to catalyst was one to one. Thus, the 
new catalyst loading screen was to have an equal molar amount of additive and catalyst.  
 Further reduction of the catalyst loading 
 The catalyst loading study was performed using 5 mole percent of the amino acid based 
catalyst with 5 mole percent of the 5-ethylthiotetrazole at – 40 oC for varying amounts of time 
ranging from two to eight hours. The results of this trial are shown in Table 2.8. The catalyst 
loading screen demonstrated that the reaction will proceed to completion in eight hours with only 
5 mole percent catalyst loading. This result is even more synthetically useful given that there was 
no erosion in enantioselectivity (Entry 5).  
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 Encouraged by the results of the decreased catalyst loading screen, a second screen was 
performed in order to identify the utility of these results on a variety of cyclic diols. As can be 
seen in Table 2.9 all of the diols proceeded to completion in eight hours with no erosion of 
enantioselectivity.   
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The new reduced catalyst loading reaction conditions even proved successful on a large 
scale. The reaction conditions comprising 5 mol % of the amino acid based catalyst and the       
5-ethylthiotetrazole where subjected upon a gram of the cyclooctanediol in THF at -40 oC for 
eight hours. The results proved to be identical to the smaller scale reactions (Figure 2.8).  
Following the success of improving upon the conditions required to selectively silylate the 
previously well-behaved meso-diols, we turned out attention to previously unsuccessful 
substrates. 
 
2.3  Previously unsuccessful substrates 
 Rate enhancement of sterically hindered meso-diols 
With the significantly improved reaction conditions, our focus was turned to substrates 
that had previously proven more challenging. Two acylic diols, shown in Table 2.10, were 
chosen as candidates for further study as they initially exhibited poor reactivity, which in turn 
resulted in very low yield and no enantioselectivity.25 It was thus thought that the rate of the 
reaction could be increased by using the 5-ethylithiotetrazole additive similarly to that which had 
been observed for other substrates. If this occurred, it could be possible to increase the reactivity 
of the more sluggish substrates. Therefore, Hekla Alite subjected these substrates to the 
                                                          
25 Zhao, Yu. PhD. Thesis, Boston College, 2008. 
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improved reaction conditions in hopes that the increased reactivity of the system would 
encourage these sluggish substrates to proceed to conversion and ultimately produce 
enantioselectivity.  
The substrates where then subjected to 20 mole percent of the amino acid based catalyst 
and 20 mole percent of the 5-ethylthiotetrazole in the presence of 2.0 equivalents of the TBSCl 
and 1.25 equivalents of the Hunig’s base in THF at -40 oC for 12 hours. The reaction of meso-
diol 2.30 showed a good improvement in reactivity as it increased from < 5 % to a modest 51 % 
yield and improved the selectivity from a racemic mixture to 67 % enantiomeric excess. This 
improvement in enantioselectivity could also be attributed to the fact that the reaction was now 
robust enough to be performed at – 40oC rather than the 5 oC initially tested. Even more 
astonishing, was the improvement of diol 2.31 which improved from a yield of < 10 % to 93 %. 
Furthermore, due to the increased rate of the reaction the temperature was decreased from -30 oC 
to -40 oC which allowed the enantioselectivity to improve to 90 % ee. 
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 Still unsuccessful meso-diols 
This good fortune did not continue for every substrate, however; Table 2.11 displays the 
substrates that remain unsuccessful even with the new 5-ethylthiotetrazole additive and the 
improved reaction conditions.26 The acyclic 1,3-meso-diol 2.32 showed decent progress after 
stirring at -40 oC for one hour, with an average mono-to-bis diol silylation ratio. However, the 
enantioselectivity was only 44 % ee, which was deemed insufficient; thus eliminating this 
compound from further studies. The acyclic 1,3-meso-diols, 2.33 and 2.34, proved unsuccessful 
as they did not exhibit any conversion after 4 or even 18 hours, respectively. Compound 2.35 
proved to be extremely sluggish as it produced only 9 % of the product after 4 hours and worse 
yet, it was not enantioselective. Lastly, meso-diol 2.36 was problematic as it was too reactive. 
Consequently, diol 2.36 became bis-silylated in greater quantities than was mono-protected; it 
also showed poor enantioselectivity (29 % ee). 
 
                                                          
26  Alite, Hekla. MS. Thesis, Boston College, 2012. 
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2.4 Acceleration of kinetic resolutions of syn-diols 
 Kinetic resolutions of previously successful syn-diols 
As a result of the dramatic improvement in the reaction rate of silylation by adding the 5-
ethylthiotetrazole as a co-catalyst, we were curious to see if similar results could be obtained for 
kinetic resolution of syn-diols. To test the ability of the 5-ethylthiotetrazole to improve kinetic 
resolutions, Hekla Alite began by studying substrates that our lab had previously shown to be 
well behaved in kinetic resolutions by silylation.19 Table 2.12 shows the results for the rate 
enhancement for these kinetic resolutions.19, 25 
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 The syn-1,2-diol 2.37 and the primary-secondary diol 2.39, Entries 1 and 3, did not show 
any change in the selectivity for the kinetic resolution in the presence of the additive; however, 
the reaction was now complete in one hour, compared to the 24 hours previously required. For 
the syn-diol 2.38, Entry 2, a significant rate enhancement was observed. Even more surprisingly 
though, was the fact that the selectivity factor increased from 8 to 43. Presumably, this was, at 
least in part, due to the significant rate enhancement and ability to now perform this reaction at   
-40 oC, rather than the -15 oC initially used. Lastly, the asymmetrical diol 2.40, Entry 4, was 
studied. This substrate proved to perform poorly in the initial studies as it was essentially 
unreactive. In the presence of the new additive however, it behaved well and was resolved in 12 
hours with a selectivity of 39. 
 Unsuccessful kinetic resolutions of syn-diols 
Unfortunately, this new additive was unable to solve all of the substrate constraints 
associated with kinetic resolution. As can be seen in Table 2.13, our system is still unable to 
kinetically resolve anti-diols.19 When anti-1,2-diols, Entries 1 and 2, where subjected to the new 
reaction conditions they exhibited poor  reactivity. Of even more importance than the low 
conversions, were the terrible selectivities observed, <2 and 3, respectively. It was concluded 
that the slow speed and poor selectivity must be due to the fact that the active substrate-catalyst 
complex does not form. It is assumed that this complex is not forming due to a high energy 
conformation of the anti-1,2-diol intermediate. This is believed to be the result of unfavorable 
interactions between the chiral base and both enantiomers of the anti-diol in the reactive 
conformation. 
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 Catalyst and additive loading screen for kinetic resolutions 
Lastly, as shown in Table 2.14, a catalyst loading screen was performed to see if the 
loading could be decreased in a manner similar to how the reaction times were decreased.19, 25 
For this study, syn-1,2-diol 2.37 was chosen as the substrate of interest and the ratio of additive 
to catalyst was held constant at 1:1, as the catalyst loading was decreased. Through this study, it 
was concluded that only one-quarter of the catalyst loading was needed; 5 mol % as opposed to 
the 20 mol %, in the presence of an equal amount of additive. This is apparent in Entry 2 as the 
resolution is complete in only one hour with a selectivity of 50. However, even more impressive 
were the results shown in Entry 4, where only 2.5 mol % of the catalyst and additive were used 
to resolve the substrate in 6 hours with a selectivity of 53. Therefore, the catalyst loading can be 
reduced from 20 mol % to 2.5 mol % while maintaining selectivity and a reaction rate that is still 
synthetically useful. It is also of interest to note that the s-factor drops significantly when the 
conversion proceeds past 50 %; which can be seen in entries 1 through 3. As the reaction 
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proceeds beyond 50 % conversion, the undesired product begins to form and as a result 
significantly decreases the enantioselectivity of the product which in turn negatively affects the 
s-factor. Therefore, these reactions are time sensitive and must be closely monitored in order to 
stop them at the appropriate time. 
 
2.5  Catalyst modification studies 
The last reaction screen was performed, was of slightly modified amino acid based 
catalysts. During this study we chose to modify two different components of the catalyst in hopes 
of decreasing production costs and to gain mechanistic insights. The two portions of the catalyst 
that were altered were the Lewis basic moiety and the amino acid backbone. The amino acid 
backbone was varied in hopes of decreasing the cost of producing the catalyst while retaining all 
40 
 
of the catalytic properties. The Lewis basic moiety was studied in hopes of gaining mechanistic 
insight and, possibly, an increase in the rate of the reaction or in the enantioselectivity.  
 Modifications of the amino acid backbone 
 The desire to change the amino acid used in the catalyst is a result of the unnatural amino 
acid, L-tert-Leucine, being relatively costly. While the amino acid catalyst can be recovered 
following its use, it was still desired to create a route to synthesize the catalyst in a more cost 
efficient manner.17 Thus, we looked at analogs containing L-Isoleucine and Valine; both of 
which are fairly similar structurally to tert-Leucine, but are significantly less expensive due to 
their relative ease of synthesis (Figure 2.8). The L-Isoleucine derivative showed promise as the 
conversion and selectivity decreased only slightly from >98 % to 95 % and from 95 % ee to 92 
% ee, respectively. The catalyst made from Valine, however, did not prove to be a viable option 
as both the conversion and the enantioselectivity suffered (14 % conversion and 53 % ee). 
Following the determination that L-tert-Leucine remained the best option for the amino acid 
backbone of the catalyst, we turned our attention to different varieties of the Lewis basic moiety. 
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 Manipulations of the Lewis basic moiety 
 The Lewis base modifications were performed in hopes of gaining mechanistic insight as 
to the importance of the N-methylimidazole functionality. Thus, a couple of different 
functionalities were tested to determine if they produced an increase in conversion or selectivity. 
We began our studies with the free amine precursor, 2.47, which did not exhibit any conversion 
of the starting material. Presumably, this was due to the free amine simply being silylated by the 
TBSCl. As a result the “chiral base” would cease to function as it would no longer be basic. Next 
the free amine was tosylated to produce 2.48, which too, proved unable to catalyze the reaction. 
For the next two analogs, the N-methylimidazole was replaced by a thiazole and pyridine. It was 
hoped that by modifying the azole, we would in turn modify the Lewis basicity, and thus gain 
some insight in regards to its importance. Unfortunately, neither the thiazole nor the pyridine 
catalyst showed any conversion. Therefore, neither of these catalysts gave us any more 
knowledge about the system other than that the N-methylimidazole functionality is important. 
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 Influence of the amide terminus 
Following the modifications of the amino acid backbone and the Lewis basic moiety of the 
catalyst, a study was performed to better understand the importance of the amide terminus. As 
can be seen in Figure 2.11, the catalysts that contained a carboxylic ester at the amide terminus 
suffered greatly from both diminished reactivity, as well as, deteriorated selectivity. However, 
upon further review, it was concluded that the diminished reactivity was actually due to the 
reduced stability of the catalysts as opposed to their efficacy.  
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Figure 2.12 exhibits the relative instability of the ester functionalized catalysts. The 
catalyst possessing an isopropyl ester moiety in place of the amide suffers from significantly 
decreased reactivity when the catalyst is subjected to the reaction conditions for 2 hours prior to 
adding the silyl protecting group. Furthermore, upon the completion of the one hour time period, 
no catalyst was observed. This is in stark contrast to catalyst 2.1 which can be recovered in 
quantities greater than 98 %.17 It is proposed that the catalysts containing the carboxylic esters 
suffer from intramolecular addition to the resident carbonyl unit by the nucleophilic imidazole. It 
is postulated that the imidazole adds preferentially to the carbonyl, as opposed to the secondary 
amine, due to the stability of the resulting 6-membered ring, as well as, the decreased 
electrophilicity and increased steric demands exhibited by the internally positioned amine.  
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2.6  Newly proposed mechanism and transition state 
Through DFT calculations and molecular modeling a plausible stereochemical model, 
and subsequently a mechanism, have been postulated that account for the observed 
enantioselectivities for this class of reactions (Figure 2.13). There are two possible complexes 
that can arise depending on the orientation of the substrate in regards to the catalyst. Of the two 
possibilities, complex I is believed to give rise to the major enantiomer. Due to the fact that 
complex II suffers from a significant degree of destabilizing steric repulsion between the 
substrate and the co-catalyst. This interaction is estimated to account for approximately 3 
kcal/mol of increased energy for complex II when compared to complex I. This difference in 
energy is substantial enough to render complex I significantly more favorable than complex II.  
As a result complex I produces the major enantiomer, while complex II yields the minor 
enantiomer. 
The mechanism of this transformation is believed to be dependent upon the activation of 
one of the enantiotopic alcohols of the substrate. This activation is achieved by the interaction of 
the basic heteroatomic moieties of the catalyst (N of the imidazole and the amine side chain) and 
the hrdoxyl groups of the substrate. Thus, the proper orientation and spatial fit within the 
complex is vital for the advancement of the reaction. It is through this interaction that one of the 
hydroxyl groups of the substrate is rendered more basic by the NMI moiety of the catalyst. In 
turn, this slightly more basic hydroxyl group has the ability to hydrogen bond more strongly to 
the secondary amine of the chiral co-catalysts. Consequently, the deprotonation of the secondary 
amine increases the amines basicity to the point that the amine now has the power to activate the 
adjacent carbinol, which in turn reacts with the NMI+SiMe2(t-Bu) complex.  
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In accordance with this scenario, the catalyst and the diol must first associate through    
H-bonding in order for the co-catalyst to perform as an effective chiral Brønsted base. Such 
proximity-induced enhancement of reactivity has been previously reported in regards to both 
chemistry, as well as, catalysis.27 Of further note, is the fact that similar rationalization has been 
proposed to explain the increase in basicity that is observed when pyridine-containing receptors 
facilitate elimination reactions.28 Also of importance to note is the significance of the amide 
terminus. As previously mentioned, the amide moiety plays an important role in the overall 
stability of the catalyst; however it is also believed to participate in the restriction of the number 
of possible conformational isomers. As a result, the large amide group facilitates the 
achievement of the predominant conformation with the smallest substituent, the hydrogen atom, 
projecting toward the sterically demanding activated silyl complex, which in turn facilitates the 
progression of the reaction. 
 
Figure 2.13 Newly proposed mechanistic model for enantioselective silylation 
 
                                                          
27 (a) Page, M. I.; Jencks, W. P. Proc. Nat. Acad. Sci. 1971, 68, 1678-1683. (b) Menger, F. M. Acc. Chem. Res. 
1993, 26, 206-212. (c) Bruice, T. C.; Lightstone, F. C. Acc. Chem. Res. 1999, 32, 127-136. 
28 Kennan, A. J.; Whitlock, H. W. J. Am. Chem. Soc. 1996, 118, 3027-3028. 
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2.7  Conclusion and future outlook 
 The Hoveyda-Snapper desymmetrization catalyst can successfully catalyze the 
enantioselective silylation of diols and triols, as well as, the kinetic resolution of asymmetric 
diols and triols through silylation. In hopes of gaining a better understanding of the catalyst’s 
mechanism, we have begun to gain new insight into the imidazole-catalyzed silylation of simple 
alcohols. As a result, we discovered the importance of a nucleophilic activator, which assists our 
catalyst during the mono-silylation of polyols.  
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2.8 Experimental and Supporting Information 
General Information 
Infrared (IR) spectra were recorded on a Perkin Elmer 781 spectrophotometer, νmax in 
cm-1.  Bands are characterized as broad (br), strong (s), medium (m), and weak (w).  1H NMR 
spectra were recorded on a Varian GN-400 (400 MHz) and a Varian Inova-500 (500 MHz).  
Chemical shifts are reported in ppm with the solvent reference as the internal standard (CHCl3: δ 
7.26).  Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet, br = broad), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian GN-400 (100 MHz) and a Varian Inova-500 (125 
MHz) with complete proton coupling.  Chemical shifts are reported in ppm with the solvent 
reference as the internal standard (CHCl3: δ 77.23).  Melting points (MP) were taken with a 
Laboratory Device Melt-Temp and were uncorrected.  Enantiomeric ratios were determined by 
analytical liquid chromatography (HPLC) and chiral gas liquid chromatography (GLC).  Optical 
rotations were measured on a Rudolph Research Analytical Autopol IV Automatic Polarimeter.  
High resolution mass spectrometry (HRMS) was performed at the mass spectrometry facility at 
Boston College. 
All reactions were conducted under an open atmosphere in 10 x 75 mm test tubes.  All 
commercially available reagents were used directly for the reaction without any further 
purification.  Liquid reagents were handled with a Gilson Pipetman.  Solvents were dried on 
alumina columns using a solvent dispensing system.  tert-Butyldimethylsilyl chloride (TBSCl), 
5-ethylthiotetrazole, and diisopropylethylamine (DIPEA).  cis-1,2-cyclopentanediol, cis-1,2-
cyclohexanediol, and cis-1,2-cyclooctanediol were purchased from Aldrich.  cis-4-cyclopentan-
1,3-diol was synthesized via hydrogenation of commercially available cis-4-cyclopenten-1,3-
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diol.  cis-cycloheptane-1,2-diol, cis-cyclohex-4-ene-1,2-diol, cis-cyclooct-5-ene-1,2-diol, cis-
hexane-3,4-diol, cis-1,2-diphenylethane-1,2-diol, (±)-3,3-diethoxypropane-1,2-diol, and cis-1-
methylcyclohexane-1,2-diol were synthesized by cis-dihydroxylation of the corresponding 
commercially available alkenes.  2-(tert-Butyl)propane-1,2,3-triol was synthesized according to 
literature procedure.29  cis-1,1-Diethoxybutane-2,3-diol and cis-1-phenylpropane-1,2-diol were 
synthesized by Lindlar reduction of the corresponding  commercially available alkynes followed 
by cis-dihydroxylation.  The catalyst was synthesized according to the literature procedure.17 
 
General procedure for enantioselective alcohol silylation with 5-ethylthiotetrazole as co-
catalyst (gram scale) 
A mixture of cyclooctane diol 2.2 (1.00 g, 6.93 mmol), chiral catalyst 2.1 (107 mg, 0.347 
mmol) and co-catalyst 5-ethylthiotetrazole 2.15 (45.2 mg, 0.347 mmol) were placed in a 25 mL 
round-bottom flask, to which was added diisopropylethylamine (DIPEA; 1.5 mL, 8.67 mmol).  
The contents were dissolved in 5.5 mL of tetrahydrofuran (THF), the flask was capped with a 
rubber septum, and the solution was allowed to cool to –40 °C (cryocool apparatus).  In a 
separate vessel, tert-butyldimethylsilyl chloride (TBSCl; 2.09 g, 13.87 mmol) was dissolved in 
4.8 mL of THF (total volume ~10.3 mL) and the solution was allowed to cool to –40 °C, after 
which it was added to the first mixture, which was allowed to stir for 8 hours (at –40 °C).  The 
reaction was quenched through addition of DIPEA (1.21 mL, 6.93 mmol) followed by methanol 
(578 µL).  The resulting mixture was allowed to warm to 22 °C, diluted with CH2Cl2 (15 mL) 
and washed with 20 mL of a 10 % solution of aqueous citric acid; the aqueous layer was washed 
with CH2Cl2 (2 x 15 mL) and the combined organic layers were dried with anhydrous MgSO4.  
The solids were removed by filtration and the solution was concentrated in vacuo to afford the 
                                                          
29 Kang, S. H.; Jung, B.  Proc. Nat. Acad. Sci.  2007, 104, 1471–1475. 
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unpurified product as yellow oil, which was purified by silica gel chromatography to afford 
1.72 g of silyl ether 3 (6.66 mmol, 96 % yield); GC analysis indicated a 97.5:2.5 enantiomeric 
ratio (e.r.).  The chiral catalyst 2.1 was recovered (>98 %) in the following manner:  The aqueous 
layer was treated with an aqueous solution of 3.0 N NaOH until pH = 12, and was then washed 
with 3 x 15 mL portions of CH2Cl2.  The combined organic layers were dried over MgSO4, 
solids were removed by filtration and the solution was concentrated in vacuo. 
 
General procedure for enantioselective alcohol silylation with 5-ethylthiotetrazole as co-
catalyst  
The chiral catalyst 2.1 (18 mg, 0.060 mmol), co-catalyst 5-ethylthiotetrazole 2.15 (2.9 
mg, 0.023 mmol) and the diol substrate (0.30 mmol) were weighed into a 10 x 75 mm test tube; 
DIPEA (65 µL, 0.38 mmol) was added with a Gilson Pipetman.  The contents were dissolved in 
THF (240 µL), the tube was capped with a rubber septum, and the mixture was allowed to cool 
to –40 °C.  In a separate test tube, TBSCl (91 mg, 0.60 mmol) was dissolved in THF (210 µL), 
cooled to –40 °C, and added to the test tube with a Gilson Pipetman.  The test tube was capped 
with a rubber septum, wrapped with Teflon tape, and the mixture was allowed to stir at –40 °C in 
a cryocool apparatus for the reported period of time.  The reaction was quenched by the addition 
of DIPEA (52 µL, 0.30 mmol) and methanol (25 µL).  The mixture was allowed to warm to 
22 °C and directly purified by silica gel chromatography.  The product was analyzed by chiral 
GLC or HPLC.  The recovered catalyst was purified further by acid/base wash and 
recrystallization.17 
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)cyclopentanol 
Optical Rotation:  [α]25D -19 (c = 1.0, CHCl3). Optical purity was established 
by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm),     
80 oC for 90 min, 15 psi.); chromatograms are illustrated below for a 95:5 e.r. sample:
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)cyclohexanol 
Optical Rotation: [α]25D -11 (c = 1.0, CHCl3).  Optical purity was established 
by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm),      
80 °C for 170 min, 15 psi.); chromatograms are illustrated below for a 97:3 e.r. sample: 
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(1S,6R)-6-((tert-butyldimethylsilyl)oxy)cyclohex-3-enol 
Optical Rotation:  [α]25D -23 (c = 1.0, CHCl3). Optical purity was established by 
chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 105 oC 
for 75 min, 15 psi.); chromatograms are illustrated below for a 97.5:2.5 e.r. sample:
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)cycloheptanol 
Optical Rotation:  [α]25D -5.3 (c = 1.0, CHCl3). Optical purity was established by 
chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 120 oC for 
60 min, 15 psi.); chromatograms are illustrated below for a 96:4 e.r. sample:
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)cyclooctanol 
Optical Rotation:  [α]25D -5.3 (c = 1.0, CHCl3). Optical purity was established by 
chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 130 oC 
for 65 min, 15 psi.); chromatograms are illustrated below for a 97.5:2.5 e.r. 
sample: 
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(1S,8R,Z)-8-((tert-butyldimethylsilyl)oxy)cyclooct-4-enol 
Optical Rotation:  [α]25D -2.3 (c = 1.0, CHCl3). Optical purity was established by 
chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 130 oC 
for 65 min, 15 psi.); chromatograms are illustrated below for a 97.5:2.5 e.r. 
sample: 
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(1S,3R)-3-((tert-butyldimethylsilyl)oxy)cyclopentanol 
Optical Rotation: [α]25D -4.6 (c = 1.0, CHCl3).  Optical purity was 
established by HPLC analysis after conversion to the corresponding tosylate 
(Chiralpak AS-H column (25 cm x 0.46 cm), 98/2 hexanes/i-PrOH, 0.5 mL/min, 220 nm); 
chromatograms are illustrated below for a 96:4 e.r. sample: 
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)-1,2-diphenylethanol 
IR (neat, thin film): 3453 (br), 3032 (w), 2928 (m), 2856 (m), 1453 (w), 1252 
(m), 1097 (s), 862 (m), 835 (s), 777 (s), 757 (m), 699 (s).  1H NMR (CDCl3, 400 
MHz); δ 7.26-7.19 (10 H, m), 4.66 (2 H, m), 2.21 (1 H, s), 0.77 (9 H, s), -0.26 (6 H, d, J = 22.0 
Hz).  13C NMR (CDCl3, 400 MHz); 140.9, 140.7, 127.9, 127.7(5), 127.7(0), 127.5, 127.3(1), 
127.2(9), 79.4, 78.8, 25.7, 18.0, -5.0, -5.5.   HRMS (m/z): Calculated: 329.194; Found: 329.195.  
Optical Rotation: [α]25D -12 (c = 1.0, CHCl3).   
Enantiomeric purity was established by HPLC analysis (Chiralpak OD-C column (25 cm 
x 0.46 cm), 99/1 hexanes/i-PrOH, 0.5 mL/min, 220 nm); chromatograms are illustrated below for 
a 84:16 e.r. sample: 
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(3S,4R)-4-((tert-butyldimethylsilyl)oxy)hexan-3-ol 
IR (neat, thin film): 3467 (br), 2958 (m), 2930 (m), 2882 (m), 2858 (m), 1463 
(w), 1254 (m), 1100 (m), 1054 (m), 1004 (m), 834 (s), 774 (s).  1H NMR 
(CDCl3, 400 MHz); δ 3.54-3.48 (2 H, m), 2.11 (1 H, s), 1.52-1.37 (4 H, m), 0.95 (3 H, t, J = 7.6 
Hz), 0.87 (12 H, m), 0.06 (6 H, s).  13C NMR (CDCl3, 400 MHz); 76.3, 75.9, 25.8, 24.7, 23.4, 
18.1, 10.5, 10.2, -4.5.   HRMS (m/z): Calculated: 233.194; Found: 233.195.  Optical Rotation: 
[α]25D +10 (c = 1.0, CHCl3).  
Enantiomeric purity was established by chiral GC analysis (Supelco Beta Dex 120 (30 m 
x 0.15 mm x 0.25 µm), 80-140 °C at 2 °C/min, 25 psi.); chromatograms are illustrated below for 
a 94.5:5.5 e.r. sample: 
 
 
 
Peak RetTime Sig Type Area Height Area 
# [min] 
  
[pA*s] [pA] % 
1 17.350 1 MF 157.23567 28.07186 49.78624 
2 17.584 1 FM 158.58585 27.77370 50.21376 
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(R)-2-(((tert-butyldimethylsilyl)oxy)methyl)-3,3-dimethylbutane-1,2-diol 
Optical Rotation: [α]25D -2.4 (c = 1.0, CHCl3).  Optical purity was 
established by chiral GC analysis after conversion to the corresponding 
aldehyde (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 80-140 °C at 1 °C, 10 psi.); 
chromatograms are illustrated below for a 97:3 e.r. sample: 
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General procedure for the kinetic resolution of syn-diols by catalytic asymmetric silylation 
Chiral catalyst 2.1 (18 mg, 0.060 mmol), co-catalyst 5-ethylthiotetrazole 2.15 (2.9 mg, 
0.023 mmol) and the diol substrate (0.30 mmol) were weighed into a 10 x 75 mm test tube.  
DIPEA (65 µL, 0.38 mmol) was added with a Gilson Pipetman.  The contents were dissolved in 
THF (240 µL), the tube was capped with a rubber septum, and the mixture was allowed to cool 
to -40 °C.  In a separate test tube, TBSCl (57 mg, 0.38 mmol) was dissolved in THF (210 µL), 
allowed to cool to -40 °C, and added to the test tube with a Gilson Pipetman.  The reaction vessel 
was capped with a rubber septum, wrapped with Teflon tape, and the mixture was allowed to stir 
at -40 °C in a cryocool apparatus for the reported period of time.  The reaction was quenched by 
the addition of DIPEA (52 µL, 0.30 mmol) and methanol (25 µL).  The mixture was allowed to 
warm to 22 °C and directly purified by silica gel chromatography to isolate the product and the 
unreacted starting material in order to determine the percent conversion and yield.   The 
enantiomeric excess of the product and unreacted starting material were determined by GC or 
HPLC analysis by comparison to authentic racemic samples. Based on this information the s-
factor was calculated without the use of an internal standard. The recovered catalyst was purified 
further by acid-base wash and recrystallization.17 
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(S,3S)-1,1-diethoxybutane-2,3-diol 
Optical Rotation: [α]25D -13 (c = 1.0, CHCl3).  Optical purity was 
established by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 
0.25 µm), 80-140 °C at 2 °C/min, 25 psi.); chromatograms are illustrated below for a 89.5:10.5 
e.r. sample: 
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(2R,3R)-3-((tert-butyldimethylsilyl)oxy)-1,1-diethoxybutan-2-ol 
Optical Rotation: [α]25D -6.0 (c = 1.0, CHCl3).  Optical purity was 
established by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm 
x 0.25 µm), 80-140 °C at 2 °C/min, 25 psi.); chromatograms are illustrated below for a 95:5 e.r. 
sample: 
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(S)-3,3-diethoxypropane-1,2-diol 
Optical Rotation: [α]25D -18 (c = 1.0, CHCl3).  Optical purity was 
established by chiral GC analysis after conversion to the corresponding 
mono-silylate (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 80-140 °C at 2 °C/min, 25 
psi.); chromatograms are illustrated below for a 90.5:9.5 e.r. sample: 
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(R)-3-((tert-butyldimethylsilyl)oxy)-1,1-diethoxypropan-2-ol 
Optical Rotation: [α]25D +11 (c = 1.0, CHCl3).  Optical purity was 
established by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm 
x 0.25 µm), 80-140 °C at 2 °C/min, 25 psi.); chromatograms are illustrated below for an 85:15 
e.r. sample: 
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(1R,2S)-1-phenylpropane-1,2-diol 
Optical Rotation: [α]25D -30 (c = 1.0, CHCl3).  Optical purity was established by 
chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 100 °C for 
98 min, 20 °C/min to 140 °C, hold for 30 min, 25 psi.); chromatograms are illustrated below for 
a 84:16 e.r. sample: 
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)-1-phenylpropan-1-ol 
Optical Rotation: [α]25D -7.6 (c = 1.0, CHCl3).  Optical purity was established 
by chiral GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 100 
°C for 98 min, 20 °C/min to 140 °C, hold for 30 min, 25 psi.); chromatograms are illustrated 
below for a 95:5 e.r. sample: 
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(1R,2S)-1-methylcyclohexane-1,2-diol 
Recovered starting material: mp: 66-68 °C.  IR (neat, thin film): 3389 (br), 2935 
(s), 2862 (m), 1449 (w), 1373 (w), 1164 (w), 1125 (w), 1066 (m), 1045 (m), 1002 
(w), 948 (m).  1H NMR (CDCl3, 400 MHz); δ 3.39 (1 H, dd, J = 9.0, 4.0 Hz), 2.10 (1 H, br), 
1.99 (1 H, br), 1.78-1.24 (8 H, m), 1.25 (3 H, s).  13C NMR (CDCl3, 400 MHz); δ 74.8, 71.5, 
36.8, 30.4, 26.5, 23.1, 21.5.   HRMS (m/z + NH4): Calculated: 148.134; Found: 148.134.  
Optical Rotation: [α]25D +2.2 (c = 1.0, CHCl3). 
Optical purity was established by GC analysis (Supelco Beta Dex 120 (30 m x 0.15 mm x 
0.25 µm), 90 °C for 90 min, 25 psi.); chromatograms are illustrated below for a 79.5:20.5 e.r. 
sample: 
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(1S,2R)-2-((tert-butyldimethylsilyl)oxy)-1-methylcyclohexanol 
Product: IR (neat, thin film): 2931 (s), 2858 (m), 1462 (w), 1252 (m), 1081 (s), 
1056 (m), 886 (m), 836 (s), 776 (m).  1H NMR (CDCl3, 400 MHz); δ 3.50 (1 
H, dd, J = 6.4, 6.0 Hz), 2.25 (1 H, s), 1.77-1.20 (8 H, m), 1.13 (3 H, s), 0.89 (9 H, s), 0.06 (6 H, 
s).  13C NMR (CDCl3, 400 MHz); 81.0, 76.2, 41.5, 35.8, 32.0, 30.8, 28.2, 26.5, 23.0, 0.79, 0.00.   
HRMS (m/z): Calculated: 245.194; Found: 245.194.  Optical Rotation: [α]25D -20 (c = 0.50, 
CHCl3). 
Optical purity was established by chiral GC analysis after conversion to the 
corresponding diol (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 µm), 90 °C for 90 min, 25 
psi.); chromatograms are illustrated below for a 94.5:5.5 e.r. sample: 
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Quantum Chemical Calculations 
Ground state and transition state geometries A, IGS, ITS, IITS, IEGS, and IETS were optimized using 
the M06-2X functional and the split-valence 6-31G* basis set and they were checked by means 
of frequency calculations to ensure that all ground state geometries contain only real frequencies 
and that the transition state geometries contain one imaginary frequency.30 Intrinsic Reaction 
Coordinate (IRC) calculations were carried out to make sure that the transition state geometries 
connect with the correct minima.31 The LQA integration scheme was used and a step size of 0.30 
bohr was used. The thermal corrections to the free energies were calculated at 1.0 atm. and 
195.15 K through the use of the computed un-scaled harmonic frequencies. Single-point energies 
were computed of the optimized geometries using the larger 6-311++G** basis set. All geometry 
optimizations, frequency and energy calculations were carried out in THF solvent simulated by 
the Polarizing Continuum Model (PCM).32  IGS and IEGS were modeled as non-interacting 
entities comprising the hydrogen bonded catalyst•diol complex and the salt formed from the TBS 
cation and the 5-ethylthiotetrazolate ion. The free energy differences, ΔG# and ΔΔG#, were 
computed as the difference between the sums of the single-point energies and the free energy 
thermal corrections. All calculations were carried out with the Gaussian 09 computer program.33 
 
                                                          
30 Zhao, Y. & Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215. 
31 Hratchian H. P. & Schlegel H. B., J. Chem. Phys. 2004, 120, 9918. 
32 Miertuš S., Scrocco E. & Tomasi J., Chem. Phys. 1981, 55, 117. 
33 Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, 
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. 
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. 
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. 
Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, 
Gaussian, Inc., Wallingford CT, 2009. 
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A 
 
Cartesian coordinates (Å)  
C   1.484   2.280  -1.360 
O   1.132   0.970  -0.946 
H   2.120   0.447  -0.414 
Si  0.625   0.401  -0.630 
C  -1.195   1.232  -2.237 
C  -0.817   1.263   1.104 
C  -0.060  -1.404  -0.586 
H  -0.232  -1.846   0.403 
H   1.004  -1.504  -0.806  
H  -0.612  -2.003  -1.317 
C  -1.664   0.452   2.103 
C  -1.468   2.649   0.961 
C   0.567   1.427   1.759 
C  -3.071  -1.507  -0.002 
N  -2.648  -0.343  -0.468 
N  -4.410  -1.522   0.119 
C  -4.878  -0.299  -0.296 
C  -3.777   0.422  -0.660 
H  -5.931  -0.064  -0.303 
H  -3.724   1.426  -1.052 
H   0.894   3.039  -0.836 
H   1.338   2.398  -2.437 
N
N
N
H
O
H
N
t-Bu
O
Si
N
O
H
H
ITS
H
t-Bu
N N
N
SEt
IITS
N
N
N
H
O
H
N
t-Bu
Si
N
O
H
H H
t-Bu
N N
N
SEt
O
N
N
H
O
Si
N
N
A
(major enantiomer) (minor enantiomer)
N
N
N
H
O
H
N
t-Bu
O
Si
N
O
H
H
IGS
H
t-Bu
N N
N
SEt
N
N
N
H
O
O
t-Bu
O
Si
N
O
H
H
IETS
H
t-Bu
N N
N
SEt
(major enantiomer)
N
N
N
H
O
O
t-Bu
O
Si
N
O
H
H
IEGS
H
t-Bu
N N
N
SEt
DDG#	≈	4.8	kcal/mol
ground state
TS TS TS
ground state
amide
amide
amide ester
ester
DG#	≈		9.6	kcal/mol DG
#	≈	12.0	kcal/mol
71 
 
H   2.542   2.447  -1.127 
H  -1.343   2.311  -2.099 
H  -2.119   0.816  -2.640 
H  -0.413   1.112  -2.993 
C  -5.222  -2.642   0.577 
H  -2.452  -2.350   0.268 
H   1.069   0.457   1.870 
H   0.450   1.852   2.765 
H   1.230   2.093   1.199 
H  -1.565   3.122   1.948 
H  -2.473   2.579   0.532 
H  -0.883   3.327   0.329 
H  -1.338  -0.593   2.172 
H  -2.728   0.463   1.854 
H  -1.559   0.893   3.103 
N   3.186  -0.013   0.001 
H   3.647  -1.341  -1.619 
C   3.872   0.292   1.152 
C   3.907  -0.901  -0.667 
C   5.026  -0.436   1.166 
N   5.028  -1.183   0.009 
C   6.070  -2.116  -0.405 
H   5.833  -0.493   1.879 
H   3.494   1.001   1.872 
H   6.182  -2.896   0.349 
H   7.012  -1.581  -0.529 
H   5.778  -2.565  -1.354 
H  -4.560  -3.454   0.875 
H  -5.874  -2.981  -0.229 
H  -5.823  -2.332   1.433 
 
 
IGS (TBS-5-ethylthiotetrazolate) 
 
Gcorr = Thermal correction to Gibbs Free Energy at 195.15K and 1.00 Atm. = 0.267397 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) = -1261.60192847 hartree 
G 195K, 1 atm.= -1261.334531 hartree 
 
Cartesian coordinates (Å)  
H  -4.019   2.192  -1.260 
H  -1.712   3.145  -0.891 
H  -4.168   1.607   0.402 
C  -3.795   1.347  -0.596 
H  -1.875   2.701   0.815 
H  -2.104   1.462  -2.720 
C  -1.533   2.343  -0.163 
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H  -4.363   0.482  -0.957 
C  -2.281   1.074  -0.594 
H  -0.452   2.174  -0.105 
C  -1.833   0.672  -2.007 
H  -0.747   0.534  -2.060 
H  -2.311  -0.255  -2.343 
H   2.762   1.734  -0.202 
H   4.850   2.660   0.836 
H  -2.712   0.714   2.717 
Si -1.938  -0.334   0.616 
H   5.255   1.739  -0.622 
C   4.854   1.661   0.392 
C   3.436   1.105   0.385 
C  -1.790   0.223   2.390 
H   3.034   1.020   1.397 
N   0.835  -0.205   0.341 
C  -3.047  -1.812   0.374 
N  -0.265  -0.944   0.172 
H   5.523   1.029   0.982 
H  -0.966   0.933   2.505 
H  -1.607  -0.630   3.049 
H  -3.102  -2.105  -0.678 
C   1.761  -0.952  -0.240 
S   3.462  -0.561  -0.365 
N  -0.026  -2.066  -0.475 
N   1.249  -2.101  -0.746 
H  -4.059  -1.576   0.719 
H  -2.682  -2.669   0.947 
 
 
IGS (amide catalyst-diol hydrogen bonded complex) 
 
Gcorr = Thermal correction to Gibbs Free Energy at 195.15K and 1.00 Atm. = 0.610819 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) = -1308.16151101 hartree 
G 195K, 1 atm.= -1307.550692 hartree 
 
Cartesian coordinates (Å)  
H   0.273   4.089  -1.340 
H   5.487  -0.691  -1.758 
H   3.875  -1.269  -2.200 
H   0.454   2.327  -1.262 
C  -0.187   3.165  -0.973 
H  -0.298  -0.967  -2.820 
H  -1.689   3.499  -2.545 
H  -0.011   4.194   0.939 
C   4.564  -1.125  -1.363 
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H  -1.292  -2.432  -3.023 
C  -0.976  -1.658  -2.314 
H   4.793  -2.106  -0.936 
H  -1.867  -1.098  -2.007 
C  -1.592   3.000  -1.572 
H  -2.442   4.715  -0.581 
O   1.445   0.176  -1.610 
C  -0.367   3.224   0.573 
H   6.714   0.107  -0.095 
H   5.852   1.654  -0.224 
H   3.650   0.736  -0.827 
H   1.600  -2.571  -2.159 
C  -2.506   3.623  -0.512 
O   0.375   2.263   1.295 
C   3.902  -0.209  -0.332 
C   6.062   0.806   0.438 
C   1.484  -0.558  -0.626 
O  -1.865   1.614  -1.756 
H   0.536  -3.984  -2.220 
H   0.132   1.377   0.935 
C  -1.893   3.133   0.800 
C   0.889  -3.169  -1.580 
C  -0.299  -2.319  -1.108 
N   2.619  -0.779   0.073 
H  -2.222   3.694   1.680 
H  -3.557   3.340  -0.644 
H   6.619   1.184   1.303 
H  -1.063   0.303  -0.515 
H   5.672  -1.843   1.140 
C   4.764   0.138   0.906 
C   0.229  -1.261  -0.095 
H  -2.674   1.334  -1.276 
N  -0.680  -0.185   0.302 
H  -1.601  -4.051  -1.093 
H  -2.168   2.084   0.956 
C  -1.310  -3.242  -0.415 
H  -2.224  -2.704  -0.142 
H   3.728   2.030   1.221 
H   1.424  -3.616  -0.732 
C   5.117  -1.107   1.731 
C   3.992   1.129   1.786 
H   0.504  -1.799   0.822 
H   5.747  -0.820   2.580 
H   4.230  -1.598   2.148 
C  -1.686  -0.485   1.318 
H  -1.656   0.301   2.088 
H  -0.885  -3.698   0.488 
74 
 
H   3.062   0.696   2.165 
H   4.604   1.430   2.644 
N  -3.632   0.132  -0.160 
H  -1.416  -1.416   1.827 
C  -3.099  -0.589   0.810 
C  -4.945  -0.262  -0.248 
H  -5.619   0.168  -0.974 
N  -4.022  -1.424   1.358 
H  -3.048  -3.113   2.147 
C  -5.206  -1.223   0.687 
C  -3.798  -2.372   2.440 
H  -3.467  -1.853   3.342 
H  -6.098  -1.778   0.936 
H  -4.737  -2.884   2.649 
H   2.605  -1.458   0.821 
 
 
ITS (major enantiomer) 
 
Gcorr = Thermal correction to Gibbs Free Energy at 195.15K and 1.00 Atm. = 0.899423 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) =  -2569.769297 hartree 
G 195K, 1 atm.=  -2568.869874 hartree 
 
Cartesian coordinates (Å)  
H  1.627  2.390  2.650 
H  3.712  0.911  3.094 
H  3.402  2.733  1.345 
C  1.236  1.529  2.089 
H  0.727  0.877  2.803 
C  3.305  0.151  2.410 
H  2.770 -0.585  3.022 
H -0.716 -0.608  4.140 
H  0.477  1.898  1.387 
H  4.147 -0.358  1.928 
C  3.215  1.904  0.649 
C  2.392  0.816  1.367 
H  2.693  2.312 -0.225 
H -2.858  5.502  1.520 
H  4.187  1.532  0.312 
H -3.597  3.913  1.298 
H -1.527  0.182  2.775 
C -1.180 -0.777  3.162 
H -4.807  0.675  0.960 
H -2.849 -1.661  4.279 
H  0.828 -1.463  2.690 
C -2.976  4.674  0.817 
H -6.121  0.303 -0.181 
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C -5.061  0.141  0.041 
H -3.500  5.040 -0.072 
H -4.920 -0.931  0.219 
C -2.336 -1.768  3.316 
H -1.119 -3.360  4.096 
O -2.557  1.580  1.394 
C -0.153 -1.446  2.204 
H -1.393  6.905  0.559 
H  2.947 -2.650 -0.282 
H -0.237  6.054  1.605 
Si 1.690 -0.479  0.108 
H -1.134  3.744  1.387 
H -4.551  2.735 -0.610 
N  3.667  0.373 -2.099 
C -1.651 -3.127  3.166 
O  0.007 -0.741  0.973 
C -1.620  4.063  0.456 
N  3.460 -0.347 -1.028 
C -0.484  6.295  0.565 
N  4.958  0.350 -2.386 
C  2.056 -2.335  0.259 
C -2.340  1.720  0.195 
O -3.280 -1.539  2.270 
N  4.597 -0.873 -0.569 
H -5.656  2.089 -1.829 
C  5.502 -0.418 -1.430 
H -1.108 -0.572  0.359 
C -0.658 -2.899  2.022 
H  2.190 -2.613  1.311 
C -4.619  2.077 -1.482 
C -4.218  0.633 -1.142 
S  7.224 -0.772 -1.375 
H  1.408  0.824 -2.027 
N -1.815  2.844 -0.336 
H  0.154 -3.629  2.009 
H -2.358 -3.941  2.972 
H  0.329  6.905  0.157 
H -2.783 -0.913  0.628 
H -2.151  5.849 -1.639 
C -0.645  5.020 -0.273 
C  0.747  0.313 -1.327 
C -2.694  0.608 -0.800 
H -3.521 -2.376  1.821 
H  1.192 -2.902 -0.108 
N -2.201 -0.664 -0.199 
H -5.557 -0.071 -2.682 
H -1.183 -2.985  1.064 
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C -4.518 -0.230 -2.377 
H -1.719  2.902 -1.341 
H -4.411 -1.299 -2.173 
H  1.144  4.131  0.593 
H -3.996  2.496 -2.282 
H  0.047  1.044 -0.908 
C -1.149  5.411 -1.670 
H  0.172 -0.431 -1.892 
C  0.724  4.343 -0.397 
H -2.127  0.759 -1.727 
H -0.473  6.156 -2.103 
H -1.165  4.564 -2.368 
C -2.034 -1.804 -1.133 
H -1.028 -2.210 -0.966 
H -3.877  0.040 -3.225 
H  0.665  3.396 -0.945 
H  1.425  4.996 -0.929 
N -3.657 -3.270  0.129 
H -2.051 -1.423 -2.158 
C -3.043 -2.906 -0.981 
C -4.436 -4.349 -0.210 
H -5.059 -4.848  0.517 
N -3.385 -3.711 -2.020 
H -3.233 -2.670 -3.842 
C -4.278 -4.638 -1.536 
C -2.909 -3.613 -3.393 
H -1.820 -3.683 -3.426 
H -4.705 -5.396 -2.175 
H -3.335 -4.438 -3.963 
C  7.311 -1.565  0.267 
C  8.759 -1.936  0.560 
H  6.666 -2.445  0.260 
H  6.920 -0.862  1.006 
H  9.146 -2.637 -0.185 
H  8.825 -2.413  1.542 
H  9.401 -1.051  0.567 
 
IITS (minor enantiomer) 
 
Gcorr = Thermal correction to Gibbs free energy at 195.15K and 1.00 Atm. = 0.90017 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) =  -2569.762337 hartree   
G 195K, 1 atm.=  -2568.862167 hartree 
 
Cartesian coordinates (Å)  
H  0.515  2.863  2.904 
H  2.897  1.887  3.429 
H  2.274  3.580  1.750 
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C  0.369  1.911  2.375 
H  0.056  1.175  3.118 
C  2.705  1.064  2.726 
H  2.360  0.207  3.315 
H  0.130 -3.147  3.253 
H -0.462  2.036  1.669 
H  3.656  0.789  2.256 
C  2.224  2.780  1.000 
C  1.676  1.505  1.672 
H  1.579  3.136  0.188 
H -5.035  4.076  1.197 
H  3.232  2.644  0.599 
H -5.171  2.332  0.951 
H  0.071 -3.235  1.497 
C -0.400 -2.776  2.367 
H -5.177 -0.680  0.892 
H  0.646 -0.949  2.868 
H -1.995 -4.004  3.195 
C -4.841  3.267  0.489 
H -6.095 -1.920  0.015 
C -5.092 -1.516  0.193 
H -5.441  3.439 -0.411 
H -4.496 -2.303  0.663 
C -0.291 -1.241  2.387 
H -1.128 -0.838  4.318 
O -3.109  0.561  1.157 
C -1.889 -3.150  2.515 
H -4.104  5.903  0.279 
H  1.569 -2.386  0.189 
H -2.755  5.488  1.357 
Si 1.347  0.097  0.379 
H -2.806  3.008  1.098 
H -5.547  0.846 -1.109 
N  3.151  1.324 -1.815 
C -1.478 -0.830  3.279 
O -0.283 -0.615  1.096 
C -3.350  3.161  0.158 
N  3.099  0.639 -0.701 
C -3.042  5.643  0.310 
N  4.416  1.597 -2.089 
C  2.189 -1.593  0.618 
C -3.086  0.729 -0.055 
O -2.526 -3.496  1.282 
N  4.318  0.435 -0.200 
H -6.395 -0.442 -1.971 
C  5.107  1.043 -1.080 
H -1.187 -0.980  0.270 
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C -2.574 -1.888  3.078 
H  3.189 -1.649  0.190 
C -5.409 -0.010 -1.777 
C -4.499 -1.078 -1.153 
S  6.861  1.128 -0.988 
H  0.729  1.796 -1.272 
N -3.108  1.950 -0.632 
H -3.119 -2.095  4.003 
H -1.830  0.173  3.041 
H -2.477  6.499 -0.072 
H -2.444 -2.195  0.014 
H -4.385  4.693 -1.950 
C -2.734  4.400 -0.535 
C  0.408  0.762 -1.126 
C -3.067 -0.467 -1.011 
H -1.915 -4.041  0.737 
H  2.273 -1.815  1.688 
N -2.019 -1.437 -0.557 
H -5.497 -2.671 -2.206 
H -3.294 -1.530  2.339 
C -4.475 -2.298 -2.083 
H -3.171  2.010 -1.641 
H -3.881 -3.121 -1.667 
H -0.783  4.127  0.392 
H -5.010  0.356 -2.731 
H -0.674  0.770 -0.978 
C -3.294  4.614 -1.948 
H  0.656  0.258 -2.063 
C -1.214  4.221 -0.612 
H -2.756 -0.124 -2.006 
H -2.894  5.546 -2.361 
H -3.003  3.815 -2.641 
C -1.303 -2.012 -1.729 
H -0.745 -1.198 -2.191 
H -4.092 -2.048 -3.080 
H -0.944  3.326 -1.180 
H -0.751  5.086 -1.099 
N -0.678 -4.193 -0.655 
H -2.034 -2.358 -2.465 
C -0.380 -3.146 -1.405 
C  0.410 -5.025 -0.719 
H  0.441 -5.961 -0.180 
N  0.846 -3.287 -1.978 
H  0.889 -1.894 -3.552 
C  1.361 -4.481 -1.537 
C  1.564 -2.336 -2.818 
H  2.021 -1.550 -2.207 
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H  2.339 -4.819 -1.843 
H  2.348 -2.875 -3.350 
C  7.117  0.254  0.594 
C  8.611  0.191  0.887 
H  6.684 -0.744  0.510 
H  6.578  0.794  1.376 
H  9.145 -0.349  0.101 
H  8.779 -0.329  1.834 
H  9.041  1.194  0.969 
 
IEGS (ester catalyst-diol hydrogen bonded complex) 
 
Gcorr = Thermal correction to Gibbs Free Energy at 195.15K and 1.00 Atm. = 0.597178 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) = -1328.03016519 hartree 
G 195K, 1 atm.= -1327.432987 hartree 
 
Cartesian coordinates (Å)  
H  -0.041   4.247   1.245 
H  -5.404  -0.194   1.803 
H  -3.785  -0.623   2.372 
H  -0.351   2.502   1.253 
C   0.340   3.276   0.910 
H   0.159  -0.869   2.875 
H   1.904   3.562   2.428 
H   0.167   4.224  -1.044 
C  -4.468  -0.684   1.521 
H   1.106  -2.356   3.114 
C   0.825  -1.586   2.387 
H  -4.671  -1.738   1.310 
H   1.736  -1.055   2.088 
C   1.745   3.034   1.479 
H   2.687   4.644   0.400 
O  -1.471   0.410   1.540 
C   0.478   3.253  -0.642 
H  -6.600   0.443   0.035 
H  -5.657   1.903  -0.325 
H  -3.546   1.020   0.584 
H  -1.787  -2.388   2.201 
C   2.670   3.548   0.371 
O  -0.340   2.305  -1.298 
C  -3.839  -0.002   0.317 
C  -5.932   0.909  -0.695 
C  -1.516  -0.405   0.646 
O   1.919   1.639   1.710 
H  -0.794  -3.846   2.302 
H  -0.095   1.418  -0.946 
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C   1.987   3.057  -0.905 
C  -1.092  -3.026   1.642 
C   0.147  -2.244   1.182 
O  -2.627  -0.719  -0.024 
H   2.327   3.565  -1.812 
H   3.701   3.194   0.487 
H  -6.498   1.041  -1.624 
H   1.079   0.309   0.509 
H  -5.795  -1.815  -0.700 
C  -4.689   0.054  -0.964 
C  -0.310  -1.186   0.135 
H   2.715   1.294   1.249 
N   0.659  -0.177  -0.291 
H   1.363  -4.035   1.230 
H   2.190   1.988  -1.031 
C   1.126  -3.228   0.528 
H   2.071  -2.741   0.264 
H  -3.486   1.700  -1.743 
H  -1.633  -3.455   0.790 
C  -5.110  -1.349  -1.416 
C  -3.857   0.721  -2.068 
H  -0.642  -1.722  -0.761 
H  -5.627  -1.291  -2.380 
H  -4.237  -1.999  -1.535 
C   1.639  -0.576  -1.298 
H   1.639   0.166  -2.111 
H   0.696  -3.682  -0.373 
H  -2.993   0.108  -2.339 
H  -4.470   0.867  -2.964 
N   3.606   0.014   0.162 
H   1.325  -1.521  -1.752 
C   3.049  -0.714  -0.789 
C   4.907  -0.419   0.256 
H   5.596   0.007   0.970 
N   3.941  -1.592  -1.318 
H   2.927  -3.285  -2.042 
C   5.134  -1.412  -0.654 
C   3.680  -2.562  -2.370 
H   3.336  -2.060  -3.276 
H   6.007  -2.000  -0.892 
H   4.607  -3.092  -2.588 
 
IETS (major enantiomer) 
 
Gcorr = Thermal correction to Gibbs Free Energy at 195.15K and 1.00 Atm. = 0.887781 hartree 
EM06-2x/6-311++G**//6-31G* (PCM, THF) =  -2589.63621907 hartree 
G 195K, 1 atm.= -2588.748438 hartree 
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Cartesian coordinates (Å)  
H   1.638   2.359   2.744 
H   3.742   0.894   3.128 
H   3.388   2.754   1.418 
C   1.248   1.508   2.168 
H   0.752   0.835   2.870 
C   3.333   0.145   2.434 
H   2.811  -0.607   3.037 
H  -0.686  -0.733   4.180 
H   0.480   1.888   1.483 
H   4.173  -0.347   1.931 
C   3.203   1.935   0.709 
C   2.402   0.823   1.416 
H   2.665   2.351  -0.151 
H  -2.923   5.374   1.609 
H   4.175   1.582   0.355 
H  -3.647   3.777   1.416 
H  -1.489   0.119   2.849 
C  -1.147  -0.858   3.195 
H  -4.778   0.611   0.988 
H  -2.830  -1.775   4.264 
H   0.864  -1.514   2.695 
C  -3.061   4.547   0.909 
H  -6.090   0.287  -0.164 
C  -5.031   0.110   0.049 
H  -3.624   4.911   0.045 
H  -4.898  -0.968   0.191 
C  -2.307  -1.850   3.303 
H  -1.101  -3.469   4.041 
O  -2.451   1.547   1.441 
C  -0.119  -1.490   2.212 
H  -1.554   6.822   0.516 
H   2.981  -2.596  -0.313 
H  -0.304   6.039   1.507 
Si  1.697  -0.452   0.138 
H  -1.167   3.651   1.386 
H  -4.575   2.710  -0.516 
N   3.650   0.458  -2.078 
C  -1.622  -3.203   3.113 
O   0.029  -0.748   1.003 
C  -1.709   3.985   0.494 
N   3.462  -0.278  -1.014 
C  -0.629   6.239   0.479 
N   4.938   0.453  -2.378 
C   2.087  -2.307   0.238 
C  -2.327   1.695   0.247 
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O  -3.240  -1.581   2.256 
N   4.608  -0.797  -0.573 
H  -5.613   2.104  -1.808 
C   5.500  -0.322  -1.437 
H  -1.108  -0.585   0.364 
C  -0.618  -2.940   1.988 
H   2.228  -2.611   1.282 
C  -4.591   2.091  -1.417 
C  -4.189   0.638  -1.117 
S   7.226  -0.657  -1.405 
H   1.398   0.925  -1.949 
O  -1.918   2.813  -0.344 
H   0.198  -3.667   1.965 
H  -2.328  -4.009   2.885 
H   0.136   6.857  -0.001 
H  -2.759  -0.955   0.620 
H  -2.387   5.729  -1.608 
C  -0.807   4.937  -0.312 
C   0.744   0.374  -1.272 
C  -2.666   0.607  -0.769 
H  -3.500  -2.408   1.799 
H   1.231  -2.876  -0.142 
N  -2.173  -0.676  -0.194 
H  -5.516  -0.043  -2.675 
H  -1.130  -3.003   1.022 
C  -4.474  -0.193  -2.377 
H  -4.347  -1.265  -2.206 
H   1.039   4.094   0.481 
H  -3.932   2.551  -2.162 
H   0.028   1.081  -0.838 
C  -1.407   5.246  -1.688 
H   0.187  -0.356  -1.871 
C   0.564   4.276  -0.490 
H  -2.089   0.805  -1.678 
H  -0.746   5.929  -2.232 
H  -1.518   4.335  -2.283 
C  -1.989  -1.791  -1.158 
H  -0.979  -2.189  -0.995 
H  -3.839   0.116  -3.216 
H   0.479   3.318  -1.014 
H   1.227   4.924  -1.074 
N  -3.616  -3.275   0.073 
H  -2.006  -1.384  -2.172 
C  -2.991  -2.900  -1.028 
C  -4.387  -4.354  -0.285 
H  -5.017  -4.861   0.430 
N  -3.317  -3.697  -2.078 
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H  -3.146  -2.638  -3.888 
C  -4.212  -4.631  -1.612 
C  -2.825  -3.584  -3.444 
H  -1.735  -3.649  -3.463 
H  -4.629  -5.385  -2.262 
H  -3.240  -4.405  -4.027 
C   7.342  -1.462   0.229 
C   8.797  -1.820   0.502 
H   6.705  -2.349   0.224 
H   6.952  -0.769   0.979 
H   9.182  -2.512  -0.253 
H   8.880  -2.303   1.479 
H   9.430  -0.929   0.507 
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CHAPTER 3: 
DEVELOPING A BETTER UNDERSTANDING OF SILYLATION THROUGH 
COMPUTATIONAL CATALYST DESIGN AND SYNTHETIC DEVELOPMENT 
3.1 Using Computational Analysis to Better Understand the Mechanism of Silylation of 
Alcohols  
In 1972, Corey illustrated the synthetic utility of silyl protection in organic chemistry.34 
Since that demonstration, silylation has developed into one of the most utilized protecting groups 
in organic chemistry. While this reaction has become extremely popular, little is known about the 
reaction’s mechanism. One aspect that is agreed upon however, is the fact that imidazole has the 
ability to accelerate this typically sluggish reaction. To better understand the mechanism of 
silylation, and the role that imidazole plays, computational analysis was employed in hopes of 
elucidating a plausible mechanism, and in turn, optimizing the reaction conditions to accelerate 
this essential reaction. 
To perform the density functional theory (DFT) calculations, it was decided to simplify 
the model system as much as possible. Based on the premise of simplifying the system, a model 
reaction that included TBSCl and methanol in tetrahydrafuran was employed. It was through 
these calculations that Dr. Fredik Haeffner postulated a reaction mechanism that requires two 
imidazole molecules for the reaction to proceed (Figure 3.1). Based on this mechanism, it was 
hypothesized that two of the imidazole molecules could be linked together in order to stabilize 
the transition state and ultimately accelerate the reaction as a result of positive cooperativity.35  If 
                                                          
34 Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190-6191. 
35  Anslyn, E.V.; Dougherty, D. A. Modern Physical Organic Chemistry.; University Science Books: Sausalito, 
2006; p 213. 
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positive cooperativity were to occur, the Gibbs free energy of binding would be more negative as 
a whole, in comparison to the sum of the individual binding energies. The additional interactions 
required for cooperation to occur are commonly seen when multiple binding interactions occur in 
a single molecular recognition event. A substantial increase in affinity can occur between the 
molecules of interest through the cooperativity of these binding interactions. Figure 3.1 depicts 
the tethering of the imidazole molecules with a dashed line and the corresponding decrease in 
energy of the transition state. The notion of stabilizing the transition state was grounded in the 
fact that the entropic cost of three molecules coming together simultaneously will be quite large 
as you are restricting 12 degrees of freedom (6 translational and 6 rotational). To further explore 
this notion of a bis-imidazole catalytic system, 6-carbon and 8-carbon tethered imidazole 
catalysts were developed and tested. 
0.0
21.0
7.7
25.9
-16.3
 
 
Figure 3.1 Mechanism of imidazole-catalyzed silylation of methanol determined by DFT 
calculations 
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3.2 Synthesis and Trials of the First Generation Tethered Imidazole Catalysts 
 The first generation bis-imidazole catalysts were made following a procedure published 
by Kumar and Gupta.36 The catalysts were made through a simple nucleophilic substitution 
reaction in which two imidazoles displace two bromides in the presence of sodium hydride in 
DMF (Figure 3.2).  
 
 Following the successful synthesis of the catalyst, these compounds were tested to 
determine if the tethered imidazoles offered any rate acceleration over the free NMI catalyzed 
system. Furthermore, it was desired to use these new catalysts to elucidate the reaction order of 
the imidazole molecules during the rate-limiting step of the reaction. With this knowledge in 
hand, a better understanding of the silylation mechanism could be obtained. 
                                                          
36  Kumar, S ; Gupta, S. K. Tetrahedron Lett. 2010, 51, 5459-5462. 
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Unfortunately, as Table 3.1 conveys, a discernible difference in reactivity was not 
observed between the free molecules of NMI or either of the tethered imidazole catalysts. As a 
result it was concluded that positive cooperatively was not achieved. By tethering the two 
imidazole molecules the rotational and translational degrees of freedom were restricted and thus 
accounts for a decrease in entropy equivalent to 45 entropy units (eu). The addition of each 
sigma bond in the tether, on the other hand, accounted for an increase of 4.5 eu per carbon.37 
Consequently, the entropy decrease for the 6-carbon and 8-carbon tethered imidazole catalysts 
correlates to an 19 and 9 eu decrease in the entropy, respectively. It was concluded that this 
decrease in entropy was insignificant as the tethered imidazoles continued to act independently 
of each other resulting in comparable rates of conversion to the untethered molecules of NMI. 
  
Catalyst Catalyst Loading (%) Conversion (%) 
NMI 10 38 
A 5 39 
B 5 37 
  
Nevertheless, a dilution study was performed to identify the reaction order of the 
imidazoles during the rate-limiting step of the silylation mechanism. The conditions of the 
                                                          
37 Page, M. I.; Jencks, W. P. Proc. Nat. Acad. Sci USA. 1971, 68, 1678-1683. 
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experiment were constructed in such a way as to determine the reaction order of the catalyst. If 
the catalyst was acting in a manner similar to first order kinetics, only one molecule of the 
catalyst would be involved during the rate-limiting step. If this were true, one would expect a 
decrease in conversion directly proportional to the dilution of the reaction. However, if the 
catalyst were acting in a second order fashion, two molecules of the catalyst would be required 
during the transition state, resulting in a decrease in the rate of the reaction four times that of the 
dilution factor. 
As illustrated in Table 3.2, each of the catalysts appear to be reacting with the same 
reaction order. This was expected, to some extent, due to the similar reaction rates seen 
previously. There are a number of enthalpic considerations which could account for the negation 
of the desired positive cooperation such as reach, strain and conformation changes.38 It is 
possible that the carbon tether was not long enough and that once one of the imidazole molecules 
bound to the substrate, the other imidazole molecule was unable to reach the proper orientation 
to facilitate the reaction. This would inhibit any of the intrinsic binding energy for the second 
imidazole from contributing to the system. Another factor to evaluate would be the addition of 
conformational changes which could arise from the tethering of the two imidazoles. These 
changes in conformation would not have been present in the system with the two free NMI 
molecules and thus could negate the ability of the imidazole molecules to cooperate. The 
introduction of strain into the transition state could also limit the ability of the imidazole 
molecules to cooperate and thus deny any rate acceleration to the system. Ultimately, any of 
these unfavorable enthalpic effects could overwhelm the favorable entropic resulting in a 
negative ΔG value which would manifest through negative cooperation of the imidazole 
                                                          
38 Anslyn, E.V.; Dougherty, D. A. Modern Physical Organic Chemistry.; University Science Books: Sausalito, 
2006; p 214. 
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molecules in the transition state. It was deemed that the most likely enthalpic challenge was the 
conformational changes which arose from tethering the imidazole molecules. As such, a new, 
more rigid, catalyst was synthesized to further minimize the entropic costs. 
 
 
 
 
Concentration in THF (M) Conversion (%) 
0.5 40  
0.25 18 
0.125 6 
 
 
  
 
 
 
 
Concentration in THF (M) Conversion (%) 
0.5 39 
0.25 20 
0.125 6 
 
 
Concentration in THF (M) Conversion (%) 
0.5 45  
0.25 19 
0.125 6 
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3.3 Synthesis of a Second Generation Bis-Imidazole Catalyst 
In a second attempt to design a tethered imidazole catalytic model system for silylation, 8 
new compounds were proposed based on the cleft and tweezer model in hopes of increasing the 
convergence ability of the catalyst (Figure 3.3).39  
 
These catalysts were initially targeted as they demonstrated both complementarity and 
preorganization during computational analysis of the proposed transition state. It was postulated 
that by designing a catalyst which was complementary and preorganized that the conformational 
changes for the system would not be increased and thus alleviate the problems observed with the 
                                                          
39 Anslyn, E.V.; Dougherty, D. A. Modern Physical Organic Chemistry.; University Science Books: Sausalito, 
2006; p 228. 
97 
 
first class of catalysts.40  Through further DFT calculations these compounds demonstrated the 
ability to decrease the Gibbs free energy of the system through decreasing the entropic factors. It 
is important to note that even though these catalysts possess a more rigid structure, they are not 
fixed in one conformation. This flexibility was seen to be advantageous in that the catalysts 
would be able to conform to the optimum orientation during the silylation process.  
 After examining the literature, catalyst 3.9 was selected as the best candidate due to the 
proposed relative ease of synthesis. Catalyst 3.9 was achieved through 5 transformations from 
the commercially available 6-hydroxyindanone (Figure 3.4). The synthesis began by 
transforming the hydroxyl group to 6-hydroxyindanone into a vinyl moiety 3.17 by way of a 
Suzuki Cross-Coupling reaction with 2,4,6-trivinylcyclotriboroxane (3.21).41 The olefin was then 
subjected to standard hydroboration reaction conditions, which yielded diol 3.18. The diol was 
then selectively oxidized by manganese dioxide to produced ketone 3.19. Following this, a 
simple nucleophilic substitution in which imidazole displaced the tosyl protected alcohol was 
utilized to form the mono-imidazole compound 3.20. Lastly, a proline-catalyzed Mannich 
reaction in the presence of imidazole afforded the desired compound 3.9.42 The synthesis of 
catalyst 3.9 included 5 steps and proceeded in a 29% overall yield.
                                                          
40 Anslyn, E.V.; Dougherty, D. A. Modern Physical Organic Chemistry.; University Science Books: Sausalito, 
2006; p 224. 
41 Kerins, F.; O’Shea, D. F.. J. Org. Chem. 2002, 67, 4968-4971. 
42 Srinivas, N.; Bhandari, K. Tetrahedron Lett. 2008, 49, 7070-7073. 
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3.4 Testing of the Second Generation Bis-Imidazole Catalyst 
 Following the synthesis of catalyst 3.9, a second dilution experiment was performed 
(Table 3.3) in order to expand upon the information garnered from the first dilution study (Table 
3.2). The experimental protocol for this study was in accordance with the original study, as were 
the goals of observing the rate of acceleration and identifying the reaction order of the catalysts. 
Unfortunately, neither of these goals were accomplished. As can be seen in Table 3.3, there was 
no change in the rate of the reaction nor was there any difference in the conversion at different 
dilutions when compared to the previous catalytic systems. 
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Concentration in THF (M) Conversion (%) 
0.5 40  
0.25 18 
0.125 6 
 
 
  
 
 
 
 
Concentration in THF (M) Conversion (%) 
0.5 39 
0.25 20 
0.125 6 
 
 
 
 
 
 
Concentration in THF (M) Conversion (%) 
0.5 46 
0.25 20 
0.125 6 
 
Concentration in THF (M) Conversion (%) 
0.5 45  
0.25 19 
0.125 6 
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3.5 Conclusion and Future Outlook 
 While advancements have been made in the understanding the mechanism of alcohol 
silylations, more work must be done to better support the computational findings and ensure that 
enthalpy-entropy compensation is not occurring.43 First, the reaction order of the imidazole must 
be determined with a reasonable degree of certainty. Secondly, this knowledge needs to be used 
to design and develop a new catalyst that can better validate the proposed transition state in the 
working model of the mechanism. This will, hopefully, in turn result in a greater degree of 
acceleration for this relatively sluggish reaction. Once the mechanism is fully understood, and 
the rate of the reaction has been successfully accelerated, there will be wide reaching 
implications in regards to total synthesis. These implications will be in the fact that one of the 
most widely utilized protecting groups in organic chemistry will now be even more 
advantageous. 
 
 
 
 
 
 
 
 
 
 
                                                          
43 Anslyn, E.V.; Dougherty, D. A. Modern Physical Organic Chemistry.; University Science Books: Sausalito, 
2006; p 216. 
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3.6 Experimental and Supporting Information 
General Information 
Infrared (IR) spectra were recorded on a Perkin Elmer 781 spectrophotometer, νmax in 
cm-1.  Bands are characterized as broad (br), strong (s), medium (m), and weak (w).  1H NMR 
spectra were recorded on a Varian GN-400 (400 MHz) and a Varian Inova-500 (500 MHz).  
Chemical shifts are reported in ppm with the solvent reference as the internal standard (CHCl3: δ 
7.26).  Data are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet, br = broad), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian GN-400 (100 MHz) and a Varian Inova-500 (125 
MHz) with complete proton coupling.  Chemical shifts are reported in ppm with the solvent 
reference as the internal standard (CHCl3: δ 77.23).  Melting points (MP) were taken with a 
Laboratory Device Melt-Temp and were uncorrected.  Enantiomeric ratios were determined by 
analytical liquid chromatography (HPLC) and chiral gas liquid chromatography (GLC).  Optical 
rotations were measured on a Rudolph Research Analytical Autopol IV Automatic Polarimeter.  
High resolution mass spectrometry (HRMS) was performed at the mass spectrometry facility at 
Boston College. 
 All commercially available reagents were used directly for the reaction without any 
further purification.  Liquid reagents were handled with a Gilson Pipetman.  Solvents were dried 
on alumina columns using a solvent dispensing system.  tert-butyldimethylsilyl chloride 
(TBSCl), 5-ethylthiotetrazole, and diisopropylethylamine (DIPEA) were purchased from 
Aldrich.   
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General procedure for the bis-imidazole catalyzed silylation of alcohols 
The catalyst (5.0 mg, 0.015 mmol) and cyclohexanol (31.7 µL, 0.30 mmol) were weighed 
into a 13 x 100 mm test tube.  The contents were dissolved in THF (0.6 mL). DIPEA (65 µL, 
0.375 mmol) was added with a Gilson Pipetmen and the tube was capped with a rubber septum.  
In a separate test tube, TBSCl (91 mg, 0.60 mmol) was dissolved in THF (0.6 mL) and added to 
the test tube. The test tube was capped with a rubber septum, wrapped with Teflon tape, and the 
mixture was allowed to stir at room temperature for the reported period of time.  The reaction 
was quenched by the addition of DIPEA (87.0 µL) and methanol (80 µL).  The mixture was 
directly purified by silica gel chromatography.  The product was analyzed by chiral GLC or 
HPLC.   
Synthesis of 1,8-bis(N-imidazolyl)-n-octane 
To a flame-dried, 2-neck, round-bottomed flask (250 mL), fixed with a stirring bar and a 
water condenser, was added imidazole (1.00 g, 14.7 mmol).  The flask was deaerated under 
reduced pressure and filled with nitrogen; the deaeration was repeated twice more.  A suspension 
of NaH (0.38 g, 16 mmol) in DMF (100 mL) was transferred via cannula into the flask. The 
solution was stirred at room temperature for 15 min. Then, the 1,8-dibromooctane (1.81 g, 6.67 
mmol) was added to the solution. The resulting mixture was stirred vigorously and warmed in a 
silicon oil bath at 70 oC for 4 hours. Upon completion of the reaction, as judged by TLC, the 
mixture was removed from the oil bath and allowed to cool to room temperature. Once the 
solution had cooled, it was poured into a separatory funnel containing ethyl acetate/water      
(250 mL, 3:2). The organic phase was removed, and the aqueous phase was extracted with ethyl 
acetate (3 x 50 mL). The combined organic extracts were washed with brine (2 x 50 mL) and 
dried over anhydrous MgSO4.  Following filtration, the solution was concentrated under reduced 
pressure at elevated temperature to remove DMF and volatile by-products.  The desired 
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compound was a brown viscous liquid, which became a tan solid upon cooling (0.86 g, 3.5 
mmol, 52% yield). Melting point = 47 – 48 oC.   IR: 3385 (br), 3108 (w), 2930 (s), 2860 (s), 
16070 (br), 1509 (s), 1453 (m), 1396 (w), 1373 (w), 1283 (w), 1229 (s), 1108 (m), 1079 (s), 1032 
(w), 914 (w), 817 (m), 740 (m), 665 (s), 626 (w) cm-1.     1H NMR (CDCl3, 500 MHz): δ 7.42 
(2H, s), 7.02 (2H, m), 6.87 (2H, m), 3.89 (4H, t, J = 7 Hz), 1.73 (4H, pent, J = 7 Hz), 1.26 – 1.23 
(8H, m).    13C NMR (CDCl3, 125 MHz): δ 137.2, 129.6, 118.9, 47.1, 31.1, 29.0, 26.5.    HRMS 
(m/z + H): Calculated: 247.1923; Found: 247.1923. 
Synthesis of 1,6-bis(N-imidazolyl)-n-hexane 
To a flame-dried, 2-neck, round-bottomed flask (250 mL), fixed with a stirring bar and a 
water condenser, was added imidazole (1.00 g, 14.7 mmol).  The flask was deaerated under 
reduced pressure and filled with nitrogen; the deaeration was repeated twice more.  A suspension 
of NaH (0.38 g, 16 mmol) in DMF (100 mL) was then cannula transferred into the flask. The 
solution was stirred at room temperature for 15 min. Then, the 1,8-dibromo-n-hexane (1.03 mL, 
6.67 mmol) was added to the solution. The resulting mixture was stirred vigorously and warmed 
in a silicon oil bath at 70 oC for 4 hours. Upon completion of the reaction, as judged by TLC, the 
mixture was removed from the oil bath and allowed to cool to room temperature. Once the 
solution had cooled, it was poured into a separatory funnel containing ethyl acetate/water      
(250 mL, 1:1). The organic phase was removed, and the aqueous phase was extracted with ethyl 
acetate (3 x 50 mL). The combined organic extracts were washed with brine (2 x 50 mL) and 
dried over anhydrous MgSO4.  Following filtration, the solution was concentrated under reduced 
pressure at elevated temperature to remove DMF and volatile by-products.  The desired 
compound was a brown viscous liquid, which became a tan solid upon cooling (0.6254 g, 2.86 
mmol, 43% yield).   IR: 3385 (br), 3108 (w), 2934 (w), 2860 (w), 1760 (w), 1508 (m), 1452 (w), 
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1396 (w) 1364 (w), 1283 (w), 1228 (m), 1108 (m), 1078 (m), 1031 (w), 915 (w), 819 (m), 737 
(m), 664 (s), 625 (m) cm-1.     1H NMR (CDCl3, 500 MHz): δ 7.44 (2H, s), 7.06 (2H, m), 6.88 
(2H, m), 3.91 (4H, t, J = 7.1 Hz), 1.77 – 1.74 (4H, m), 1.31 – 1.28 (4H, m).    13C NMR (CDCl3, 
125 MHz): δ 137.4, 129.8, 119.1, 47.1, 31.2, 26.4.    HRMS (m/z + H): Calculated: 219.16097; 
Found: 219.16033. 
Synthesis of 6-vinyl-2,3-dihydroindenone. To a flame-dried, 2-neck, round-bottom flask (250 
mL) was added the 6-hydroxy-2,3-dihydroindenone (4.40 g, 0.0295 mol). The flask was 
deaerated under reduced pressure and filled with nitrogen; the deaeration was repeated twice 
more. To the flask was added to dichloromethane (120 mL), 4-dimethylaminopyridine 
(catalytic), and triethylamine (4.93 mL, 0.0354 mol). The solution was then cooled to -78 oC. 
While the solution was stirring at -78 oC, the trifluoromethanesulfonic anhydride (6.0 mL, 0.035 
mol) was added dropwise. The solution was then allowed to stir at -78 oC for one hour, following 
which, the flask was removed from the ice bath and allowed to warm to room temperature where 
it was allowed to stir for another hour. Once the solution had stirred at room temperature for one 
hour the solution was poured into 150 mL of saturated ammonium chloride solution. The 
solution was then extracted with dichloromethane (3 x 150 mL). The solution was then filtered 
through a silica gel and celite plug and concentrated under reduced pressure to yield a dark red 
liquid. To the red liquid was added the dimethoxyethane (138 mL). This solution was added to a 
500 mL round-bottom flask, containing the tetrakis(triphenylphosphine)palladium(0) (0.8551 g, 
0.740 mmol.) To the stirring solution was added a potassium carbonate solution in deionized 
water (4.073 g, 0.0295 mol, 0.42 M) Lastly, the 2,4,5-trivinyl-1,3,5,2,4,6-trioxatriborinane 
(7.093 g, 0.0295 mol) was added to the flask. The flask was then deaerated under reduced 
pressure and filled with nitrogen; the deaeration was repeated twice more. The solution was 
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heated to 70 oC for 15 hours. The solution was then allowed to cool to room temperature before 
it was extracted with diethyl ether (3 x 250 mL). The organic layers where collected, dried with 
magnesium sulfate and filtered through a plug of silica gel and celite. The solution was 
concentrated under reduced pressure using a rotary evaporator to yield a red oil. The red oil was 
then purified by column chromatography with a solvent system consisting of 20 % ethyl acetate 
in hexanes. The compound was dried under reduced pressure to yield a white solid. (3.5065 g, 
0.0222 mol, 75 % yield.)   IR: 2857 (w), 1703 (s), 1615 (m), 1573 (w), 1489 (m), 1440 (m), 1402 
(w), 1325 (w) 1285 (m), 1264 (w), 1246 (w), 1201 (w), 1157 (m), 1105 (w), 989 (m), 906 (m), 
839 (s), 559 (m), 465 (m)  cm-1.     1H NMR (CDCl3, 500 MHz): δ 7.67 (1H, m), 7.54 (1H, dd, J 
= 7.8, 1.7 Hz ), 7.33 (1H, d, J = 7.8 Hz), 6.64 (1H, dd, J = 17.6, 11.0 Hz), 5.71 (1H, d, J = 17.6 
Hz), 5.22 (1H, d, J = 11.0 Hz), 3.04 – 3.01 (2H, m), 2.62 – 2.60 (2H, m).    13C NMR (CDCl3, 
125 MHz): δ 207.0, 154.7, 137.5, 137.1, 135.9, 132.7, 126.8, 121.0, 115.1, 36.6, 25.7.    HRMS 
(m/z + H): Calculated: 159.08099; Found: 159.08036. 
Synthesis of 6-(2-hydroxyethyl)-2,3-dihydroindenol. To a flame-dried, round-bottom flask 
(100 mL) was added the 6-vinyl-2,3-dihydroindenone (1.7663 g, 11.16 mmol.) The flask was 
then deaerated under reduced pressure and filled with nitrogen; the deaeration was repeated 
twice more. To the flask was added the 9-borabicyclo(3.3.1)nonane solution in tetrahydrofuran 
(44.6 mL, 22.3 mmol, 0.25 M.) The solution was stirred at room temperature for 3 hours. The 
solution was then cooled to 0 oC and quenched with 3 M NaOH (19.0 mL) followed by 30 % 
hydrogen peroxide solution (19.0 mL.) The solution was stirred at room temperature for one 
hour. The solution was then poured into brine and extracted with dichloromethane. The organic 
layers were collected and dried over magnesium sulfate. The solution was filtered and 
concentrated under reduced pressure to yield a white solid. (1.9094 g, 10.71 mmol, 96 % yield.)   
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Melting point = 77 – 78 oC.  IR: 3299 (br), 2931 (m), 2857 (m), 1491 (m), 1442 (m), 1325 (m), 
1104 (w), 1042 (s) 958 (m), 907 (w), 854 (w), 820 (m), 728 (m) cm-1.     1H NMR (CDCl3, 500 
MHz): δ 7.24 (1H, s), 7.17 (1H, d, J = 7.8, 1.7 Hz ), 7.08 (1H, dd, J = 7.6, 1.2 Hz), 5.15 (1H, t,  J 
= 5.9 Hz ), 3.77 (2H, ddd, J = 7 Hz), 2.98 (1H, ddd, J = 7 Hz), 2.81 (2H, t, J = 6.6 Hz), 2.75 (1H, 
ddd, J = 7 Hz), 2.46 – 2.40 (1H, m),  2.30 (1H, s), 1.92 – 1.86 (1H, m).    13C NMR (CDCl3, 125 
MHz): δ 145.6, 141.6, 137.3, 129.3, 125.1, 125.0, 63.8, 39.1, 36.2, 29.7, 29.6.    HRMS (m/z + 
H): Calculated: 196.13375; Found: 196.13351. 
Synthesis of 6-(2-hydroxyethyl)-2,3-dihydroindenone. To a flame-dried, round-bottom flask 
(100 mL) was added the 6-(2-hydroxyethyl)-2,3-dihydroindenol (1.0359 g, 5.81 mmol.) To this 
was added the tetrahydrofuran (30 mL) followed by the manganese dioxide (10.085 g, 0.116 
mol) and celite. The flask was then deaerated under reduced pressure and filled with nitrogen; 
the deaeration was repeated twice more. The solution was stirred at room temperature for 1.5 
hours. The solution was then filtered through a plug of celite. The solution was concentrated 
under reduced pressure to yield a white solid. (0.9140 g, 5.19 mmol, 89 % yield.)              
Melting point = 75 – 76 oC.           IR: 3392 (br), 2924 (w), 2865 (w), 1690 (s), 1616 (m), 1579 
(w), 1490 (m), 1443 (m) 1281 (m), 1156 (m), 1043 (s), 832 (s), 560 (m) cm-1.     1H NMR 
(CDCl3, 500 MHz): δ 7.62 (1H, m), 7.48 (1H, dd, J = 7.8, 1.7 Hz ), 7.43 (1H, dd, J = 7.8, 0.7 
Hz), 3.89 (2H, t, J = 7 Hz), 3.11 (2H, t, J = 5.6 Hz), 2.93 (2H, t, J = 6.6 Hz), 2.71 – 2.68 (2H, m).    
13C NMR (CDCl3, 125 MHz): δ 207.4, 153.7, 138.5, 137.5, 136.1, 126.9, 123.9, 63.6, 38.9, 36.7, 
25.7.    HRMS (m/z + H): Calculated: 177.09155 Found: 177.09193. 
Synthesis of 6-(2-(1-imidazolyl)ethyl)-2,3-dihydroindenone. To a flame-dried, round-bottom 
flask (100 mL) was added the 6-(2-hydroxyethyl)-2,3-dihydroindenone (0.9284 g, 5.27 mmol). 
To the flask was added dichloromethane (11 mL) followed by triethylamine (0.87 mL, 6.28 
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mmol) and 4- dimethylaminopyridine (0.0318g, 0.26 mmol.) To the stirring solution was added 
the p-toluenesulfonyl chloride (0.9914 g, 5.20 mmol.) The solution was stirred at room 
temperature for 6 hours. The solution was then poured into 10 mL of 1 M HCl and extracted with 
dichloromethane (3 x 10 mL). The organic layers were collected and dried over magnesium 
sulfate, filtered and concentrated under reduced pressure to yield brown oil. The brown oil was 
dissolved in tetrahydrofuran (11 mL.) To the stirring solution was added the imidazole (1.7701 g, 
26.0 mmol.) The solution was heated to 60 oC and stirred for 15 hours. The solution was poured 
into 15 mL of deionized water and extracted with dichloromethane (3 x 10 mL). The organic 
layers were collected and dried over magnesium sulfate, filtered and concentrated under reduced 
pressure to yield brown oil. The oil was dissolved in a 1 M HCl solution, diluted with diethyl 
ether and then extracted with three portions of the 1 M HCl solution. The aqueous layers were 
collected and neutralized to a pH = 7 with saturated sodium bicarbonate solution. The neutralized 
aqueous solution was extracted with three portions of dichloromethane. The organic layers were 
collected and dried over magnesium sulfate, filtered and concentrated under reduced pressure to 
yield a brown solid. The brown solid was then purified by column chromatography with a 
solvent system consisting of 3 % methanol in dichloromethane. (0.8000 g, 3.54 mmol, 68 % 
yield.)    Melting point = 99 – 100 oC.     IR: 3381 (br), 3111 (w), 2926 (w), 1703 (s), 1618 (w), 
1509 (w), 1491 (w), 1444 (w), 1364 (w), 1282 (m), 1231 (w), 1157 (w), 1109 (w), 1080 (w), 836 
(w) 665 (w) cm-1.     1H NMR (CDCl3, 500 MHz): δ 7.55 (1H, m), 7.37 (1H, d, J = 7.8 Hz), 7.26 
(1H, s), 7.16 (1H, dd, J = 7.8, 1.7 Hz), 7.02 (1H, s), 6.83 (1H, s),  4.19 (2H, t, J = 6.8 Hz), 3.12 – 
3.09 (4H, m), 2.71 – 2.69 (2H, m).    13C NMR (CDCl3, 125 MHz): δ 207.9, 154.1, 137.8, 137.2, 
137.0, 135.3, 130.0, 127.2, 123.4, 118.7, 48.4, 37.5, 36.6, 25.7.    HRMS (m/z + H): Calculated: 
227.11844; Found: 227.11861. 
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Synthesis of 6-(2-(1-imidazolyl)ethyl)-2-((1-imidazolyl)-2-(hydroxymethyl)-2,3-
dihydroindenone. The 6-(2-(1-imidazolyl)ethyl)-2,3-dihydroindenone (0.2263 g, 1.00 mmol) 
was suspended in deionized water (5 mL) in a screw-top vial. To the solution was added the 
imidazole (0.0681 g , 1.00 mmol), followed by the formaldehyde (0.0601 g, 2.00 mmol) and the 
L-proline (0.0345 g, 0.30 mmol.) The vial was sealed and the solution was heated to 100 oC. The 
solution was stirred at 100 oC for two hours. The solution was then allowed to cool to room 
temperature before being poured into 5 mL of a saturated sodium bicarbonate solution. The 
solution was then extracted with dichloromethane (3 x 5 mL). The organic layers were collected 
and dried over magnesium sulfate, filtered and concentrated under reduced pressure to yield an 
off-white solid. (0.2210 g, 0.66 mmol, 66 % yield.)     IR: 3114 (br), 2930 (w), 2860 (w), 1703 
(m), 1618 (w), 1509 (m), 1493 (w), 1442 (w), 1361 (w), 1284 (m), 1231 (m), 1160 (w), 1109 
(m), 1076 (m), 986 (w), 908 (m), 821 (m), 727 (s), 662 (m), 628 (m) cm-1.     1H NMR (CDCl3, 
500 MHz): δ 7.47 (1H, d, J = 1.5 Hz), 7.45 (1H, s), 7.30 (1H, dd, J = 7.5, 0.5 Hz), 7.24 (1H, s), 
7.19 (1H, dd, J = 6.0, 2.0 Hz), 7.03 (1H, s),  6.94 (1H, s), 6.87 (1H, t, J = 1.5 Hz),  6.83 (1H, t, J 
= 1 Hz), 4.38 (2H, dd, J = 14.5, 4.0 Hz), 4.18 (2H, t, J = 7.0 Hz), 3.71 (2H, dd, J = 11.0, 5.5 Hz), 
3.09 (2H, t, J = 7.0 Hz), 3.02 (2H, dd, J = 20.5, 17.5 Hz).      13C NMR (CDCl3, 125 MHz): δ 
207.3, 152.0, 138.1, 137.4, 137.0, 136.4, 136.1, 129.5, 129.2, 127.0,123.9, 120.3, 118.8, 64.7, 
57.3, 48.9, 48.2, 37.3, 33.3.    HRMS (m/z + H): Calculated: 337.16593; Found: 337.16645. 
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